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Vorwort des Herausgebers
Klumpge Bo¨den sind typische Produkte von Tagebauaktivita¨ten in fein-
und gemischko¨rnigen Bo¨den. Der Boden aus tieferen Schichten wird wa¨h-
rend des Aushubs verkleinert und ist nach dem Aushub stark u¨berkonsoli-
diert. Wenn seine Klumpen auf dem Ablagerungsort aufgeschu¨ttet werden,
bilden sich zuna¨chst Schu¨ttkegel, wie bei einem grobko¨rnigen Material zu
erwarten wa¨re. Im Unterschied zu den mineralischen Bodenko¨rnern sind
die Klumpen aber weich und vera¨ndern ihre Eigenschaften mit der Zeit. In-
folge Auflast des zusa¨tzlichen Schu¨ttmaterials konsolidieren sie und na¨hern
sich dem normalkonsolidierten Zustand. Gleichzeitig findet ein Degrada-
tionsprozess an der Oberfla¨che der Klumpen statt, der weiches Material
in die Makroporen zwischen den Klumpen spu¨lt. Solche durch menschliche
Aktivita¨t hergestellten Komposite sind hoch komplex und ihr mechanisches
Verhalten in der bodenmechanischen Literatur kaum beschrieben.
Die Doktorarbeit von Herrn Xiusong Shi ist eine Pionierleistung auf diesem
Gebiet. Um die grundlegenden Pha¨nomene zu verstehen, hat er in der
ersten Phase seiner Dissertation verschiedene Arten von Klumpen exper-
imentell untersucht. Die Konsistenz der Versuchsdaten zeugt u¨ber die
sehr hohe Qualita¨t seiner Experimente. Anschließend, basierend auf seinen
eigenen Labordaten, hat er verschiedene Zusammensetzungen von klumpi-
gen Bo¨den mit Hilfe von Homogenisierungsverfahren auf der konstitutiven
Ebene modelliert. Zu diesem Zweck hat er auch die Stoffmodelle fu¨r den
u¨berkonsolidierten Boden weiterentwickelt, um die Spannungsgrenzbedin-
gung im stark u¨berkonolidierten Bereich realistisch zu beschreiben. Es
soll darauf hingewiesen werden, dass auf diesem Gebiet kaum Fachliteratur
vorhanden ist und die meisten Schritte nur nach intensiver eigener Inven-
tion mo¨glich waren. Die systematische Vorgehensweise beim Aufbau der
Modelle ist vorbildlich und hat sich in sehr guten Prognosen wiederspiegelt.
Herr Xiusong Shi war ein sehr fleißiger und innovativer Doktorand, der sich
wa¨hrend seiner Stipendienzeit an der TU Dresden voll auf seine Forschung
konzentriert hat. Er pflegte immer sehr ho¨fliche aber gleichzeit beson-
ders freundliche Umgangsformen zu seinen Mitarbeitern. Nicht nur seine
anspruchsvolle Forschung sondern auch die ausgezeichneten, von ihm selbst
vorbereiteten traditionellen chineschichen Gerichte fu¨r seine Kollegen waren
eine Bereicherung fu¨r das ganze Institut fu¨r Geotechnik.
Ivo Herle
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The behaviour of multi-porosity soils in landfills is tricky problems due
to their complex structure and the structure transition at different stress
levels. Three years ago I started this study as my PhD project. Firstly, I
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With this program, the behaviour of a lumpy soil was tested at different
stress levels. But when I tried to model the test results, it turned out to
be an arduous battle which made me upset. At that time, Prof. Herle told
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1 Introduction
1.1 General
After an excavation cuts sedimentary soil layers in an open pit mine, the
excavated waste material is displaced from the original site to a despo-
sition place via a conveyor belt. Two possible soils may result from this
process. The first one is fresh lumpy soil with a granular structure (Hersˇtus
et al.,1999; Boha´cˇ et al., 2003; Masˇ´ın et al., 2005; Najser et al., 2012; Shi
and Herle, 2014). The other one is a clay mixture which is homogeneous
from a macroscopic point of view (Herle et al., 2011; Shi and Herle, 2015b).
Figure 1.1: Open-pit lignite mine in Hambach, Germany
The structure of the resulting material depends on the length of the con-
veyor belt and the strength of the original soils. If the original clay has a
relatively high strength, the excavated lumps can keep their original struc-
ture during a relatively short distance of transportation, thus a granular
structure prevails. This kind of structure can be also generated in other
human activities, such as bentonite pellets used in HLR (high-level radioac-
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tive) waste isolation (Hoffmann, 2007; Alonso, 2005) and dredged clay fills
used in land reclamation (Robinson, 2005; Karthikeyan, 2004). However,
if the original soil has a low strength or a long transportation takes place,
the material may disintegrate into small lumps and thoroughly mix soils
from different layers. Landfills consisting of clay mixtures arise in this way
(Fig. 1.1).
1.2 Lumpy soils as landfills
In the North-West Bohemia region of the Czech Republic, the large-scale
open-cast coal mining has resulted in depositing the clayey overburden in
non-engineered landfills (Herbstova et al., 2009; Najser et al., 2012). The
overburden consists of Tertiary clay and claystone of high plasticity with
a liquid limit of 72% and a plasticity index of 45% (Najser et al., 2010).
These kinds of landfills usually reach depths of several tens of meters.
Figure 1.2: Fresh landfill and its simplified structure (Masˇ´ın et al., 2005;
Shi and Herle, 2014)
The clayey overburden soils have been dumped without any compaction in
the form of lumps and blocks ranging in size from millimeters up to about
tens of centimeters (Fig. 1.2) (Masˇ´ın et al., 2005). Therefore, they have a
relatively open structure with an average porosity of 40 % and the corre-
sponding total porosity can be up to 70% (Feda 1998). A fresh lumpy soil
comprises two distinct pore systems: an inter-lump voids system created
by clay lumps and an intra-lump voids system created by soil particles. In
the sequel, it is denoted as ’lumpy granular structure’. The interaction be-
tween the stiff lumps can be idealized as point-point contacts as shown in
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Fig. 1.2 (right). The affected area is more than 100 (km)2 and landslides
frequently occur at the periphery of the landfills (Feda, 1998). The stability
and settlement of the fresh landfills depend on its structure which varies
with increasing deposition depth. Therefore, one needs to investigate the
structure transition of the fresh landfills at different vertical stress levels.
After several years from filling, mainly due to the influence of climate,
gravitational effect and precipitation, the lumps transform gradually into a
reconstituted soil which fills the inter-lump voids. Subsequently, the orig-
inally high inter-lump porosity clays in landfills tend to become relatively
homogeneous soils (Fig. 1.3). However, the structure of the landfills is still
highly inhomogeneous on a local scale. It consists of stiff lumps and recon-
stituted soil within the inter-lump spaces, which is represented as ’lumpy
composite structure’ in the sequel. The void ratio of the lumps is signifi-
cantly lower than that of its reconstituted counterpart. Even more than 10
years after filling, their corresponding double porosity still remains (Masˇ´ın
et al., 2005; Najser et al., 2010; Najser et al. 2012).
Figure 1.3: Old landfill and its simplified structure (Masˇ´ın et al., 2005; Shi
and Herle, 2014)
In recent years, there is an increasing demand for redeveloping the region
affected by mining. E.g., constructions of an airport near Strimice and the
D8 motorway connecting Prague and Dresden (Pooly, 2013). Mine pits are
also backfilled with the excavated soils which exhibit high and nonuniform
strength and compressibility, wetting collapse potential (Charles, 2008)
which is a tricky problem for the geotechnical design. The deformation
of engineering structures founded on old clayfills must be controlled within
a certain tolerance, especially for highway embankments. The conventional
constitutive models can not well describe the mechanical behaviour of the
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resulting inhomogeneous soils. Therefore, this work aims to propose a
framework which is suitable to describe the deformation and collapse be-
haviour of the lumpy soils.
1.3 Clay mixtures as landfills
Overburden soils from open-pit mines are excavated with bucket wheels
(Fig. 1.4). This process produces small lumps from different soil layers.
The resulting material is transported to a deposition site usually with band
conveyors. These conveyor belts can be several kilometres long, and this
length of transportation can result in the disintegration of small lumps and
thorough mixing of soils from different layers. The subsequently deposited
material can reach depths of several tens of metres without compaction.
The mechanical properties of such mixtures depend not only on the prop-
erties of the original soils but also on their state. The undrained shear
strength of a freshly dumped soil changes with the void ratio which de-
creases due to consolidation process with time (Herle et al., 2011). Calcu-
lations of stability and settlement of such landfills are difficult due to the
complex composition and consolidation of the deposited soils.
Figure 1.4: Excavation of soil layers and the deposition in open-pit mining
1.4 Objectives of this work
Corresponding to the crucial scientific problems arising in open-pit mining,
three different types of soil structures are investigated in this research:
lumpy granular structure; lumpy composite structure and clay mixtures.
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1.4.1 Lumpy granular structure
There are many factors which influence the stability and deformation of
fresh landfills, such as the shear strength of lumps and structure of landfills
(Herbstova and Herle, 2009). The behaviour will be investigated stepwise,
from artificial fresh lumpy soils to natural fresh lumpy soils. The difference
between a natural fresh lumpy soil and an artificial one is the inherent
diagenetic structure in the natural lumps. The following steps have been
considered:
(1) To perform oedometer tests to investigate the compression behavior
of artificial fresh lumpy soils and to analyze the structure transition of
artificial fresh lumpy soils with increasing stress level, which corresponds
to the deposition of landfills with increasing depth.
(2) To conduct triaxial tests on artificial fresh lumpy soils with different
consolidation pressures to investigate the shear strength, which is useful for
the estimation of the slope stability of the dumped landfills.
(3) To study the compression and shear strength of natural lumpy soils
which are obtained from the open-pit mines. This can consider the inherent
soil structure within the lumps, which developed during depositional and
postdepositional processes.
1.4.2 Lumpy composite structure
A significant difference between the lumpy composite structure and its ini-
tial (lumpy granular) structure is that there are no direct contacts between
the lumps. Therefore, its behaviour depends on both the lumps and the
reconstituted soil within the inter-lump space. Both artificial and natural
lumpy composite materials are studied. The objectives of these subtopic
are
(1) To perform element tests of inhomogeneous soils, the series and parallel
configurations, to investigate the deformation, failure behaviour and stress
(strain) distribution, which can help as a reference for the assessment of
the mechanical behaviour of the lumpy composite soils.
(2) To study the compression and failure behaviour of an artificial lumpy
composite material with randomly distributed inclusions using the Finite
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Element Method. Special attention will be paid to the homogenization law
and the stress distribution within the composite material.
(3) To conduct oedometer tests on the lumpy composite soil and to de-
velop a model that can describe the compression behavior. This model is
proposed within the homogenization framework and the homogenization
law is based on the analysis of the structure and the numerical method,
which gives a relationship for tangent stiffnesses of the lumpy soil and its
constituents
(4) To propose a nonlinear Hvorslev surface to model the behaviour of stiff
clays at low stress level. This model is based on the Hvorslev equivalent
pressure and the proposal by Atkinson (2007).
(5) To develop a general model for lumpy composite soils within the ho-
mogenization framework. The homogenization law is based on the FEM
and is formulated with the secant stiffness.
(6) To propose a general framework for the consolidation behaviour of the
lumpy composite soils under self-weight and surcharge conditions.
1.4.3 Clay mixtures
The compression and undrained shear strength of clay mixtures are further
important issues. The following works need to be done.
(1) To investigate the physical properties, compression behaviour and re-
moulded undrained shear strength of the clay mixtures produced artificially
in the laboratory, especially the initial void ratio and dry mass fraction of
the constituents on the compressibility of the mixtures.
(2) To propose a simple model to estimate the undrained shear strength
and water content distribution of remolded clay mixtures.
(3) To develop a simple compression model for clay mixtures within the
homogenization framework. The homogenization law is proposed similar
to that of lumpy composite soils.
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 14 — #20
14 Introduction
1.5 Structure of this study
The primary aim of this research is a laboratory investigation of mining
waste soils and to model their mechanical behaviour. This work includes
three topics: lumpy soils with a granular structure (fresh lumpy soils),
lumpy soils with a composite structure (old lumpy soils) and clay mixtures.
Reviews of the previous literature related to these soils are presented in
Chapter 2, including the laboratory and theoretical works. Applications of
the existing models to the investigated soils are discussed.
The studies of the fresh lumpy soils are presented in Chapters 3 - 5 (See
Fig. 1.5). Firstly, an artificial lumpy material is investigated in Chapter
3. It is a transition form between a reconstituted soil and a natural lumpy
soil governing the mechanics of the soils artificially deposited after the ex-
cavation. Compression, permeability and strength of lumpy materials are
evaluated based on triaxial and oedometer tests on reconstituted and artifi-
cial lumpy soils. Chapter 4 describes the behaviour of a natural lumpy soil
with an inherent diagenetic structure of lumps. The structure transition of
the lumpy materials with an increasing stress level is presented in Chapter
5, which reveals the mechanisms for deformation and failure of the lumpy
soils and their differences from natural soils.
Figure 1.5: Structure of the research for lumpy granular soils
Chapters 6 - 11 provide the laboratory and theoretical analysis of lumpy
composite soils (See Fig. 1.6). Element laboratory tests in Chapter 6 de-
scribe the mechanical behaviour of two basic (series and parallel) configura-
tions. The following Chapter (Chapter 7) presents a FEM investigation on
artificial lumpy composite materials with randomly distributed inclusions
and a homogenization law is proposed based on the secant stiffness. A sim-
ple compression model for lumpy composite soils is presented in Chapter
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8, which provides an explanation for the stress (strain) concentration. A
general framework for the consolidation behaviour of lumpy composite soils
under self-weight and surcharge conditions is then presented in Chapter 9.
In order to model the strength of stiffness clays with low stress level, a
nonlinear Hvorslev surface is proposed (Chapter 10). Finally, based on the
nonlinear Hvorslev surface and the homogenization law, a general consti-
tutive model for the composite soil is proposed in Chapter 11.
Figure 1.6: Structure of the research for lumpy composite soils
Chapters 12 - 14 focus on the behaviour of clay mixtures (See Fig. 1.7).
Laboratory tests are performed on the mixtures in Chapter 12, including a
series of oedometer tests and fall cone tests, to investigate the compression
and remolded undrained shear strength of the clay mixtures. Then a simple
model is proposed in Chapter 13 for the estimation of undrained shear
strength and water content distribution. A compression model is developed
for clay mixtures in Chapter 14 within the homogenization framework.
Figure 1.7: Structure of the research for clay mixtures
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The previous literature is reviewed in this chapter, which gives the back-
ground of this work and provides some useful hints for further research.
The review of literature is divided into two main sections 1. The first one
is concerned with fresh lumpy soils with macrovoids between lumps, in-
cluding artificial lumpy soils and natural lumpy soils. The second one is
related to the lumpy composite soils with reconstituted soil within the inter-
lump spaces. The current state of research on the lumpy composite soils
is described stepwise, from basic configurations to the lumpy composite
structure.
2.1 Fresh-lumpy soils
2.1.1 Structure of fresh-lumpy soils
The structure of this type of soil was studied by many researchers (Feda
et al., 1994; Boha´cˇ and Sˇkopek, 2000; Hoffmann, 2007; Herbstova´ and
Herle, 2009). Hoffmann (2007) performed Mercury intrusion porosimetry
(MIP) tests on artificial bentonite pellets at three different dry density
values to identify the multiple-porosity structure. Three main groups of
pores were identified as shown in Fig. 2.1. The first group of pores is
the macroscopic porosity related to inter-lump voids, while the other two
groups of pores correspond to microscopic voids: the inter-aggregate voids
(pores between the clay aggregates) and intra-aggregate voids (pores inside
the clay aggregates). After Nagaraj (1990) and Mitchell (1993), the intra-
aggregate voids keep essentially constant during compression and shearing
1Due to a scarcity of publications concerning the clay mixtures, only lumpy soils are
discussed in this chapter.
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process, therefore change in the inter-aggregate porosity equals to intra-
lump porosity.
Figure 2.1: Pores size distribution of lumpy materials (Hoffmann, 2007)
The fragmentary material shows a complex transition process from an ini-
tially granular structure into a compacted clay. Feda (1998) concluded sev-
eral possible structural mechanisms for this transition process: crushing,
ductile squashing (distortion), rearrangement of lumps and contact bonding
between lumps. The first two effects concern the deformation of lumps and
the others are related to the rearrangement of the macro-structure followed
by a decrease of the inter-lump porosity. Generally, crushing of lumps only
makes sense for stiff lumps, and leads to a lump size redistribution and a
decrease in the inter-lump porosity (White & Bolton, 2002). The destruc-
tion of macro-voids is therefore crucial to the behaviour of these materials
(Whitman, 1970).
The resulting landfills have a relatively open structure, which permits water
and air flow (Herstus et al.,1999; Boha´cˇ et al., 2003). The surface zone of
the lumps is usually partly saturated, and the surface layer in this zone may
turn into a reconstituted soil due to suction cycles (Kostkanova´ and Herle,
2014). This may induce a decrease of strength of contact bonding between
the clayey lumps, which may lead to a considerable rearrangement of the
lumps and reduce inter-lump porosity. The structure transition in the field
has a great influence on the stability and compression behaviour of the
landfills. Herbstova´ and Herle (2009) stated that the closure of macrovoids
(inter-lump voids) was generated not only by the surcharge load but also by
wetting-drying weather induced effects. The initial granular nature of the
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landfill material changes with time due to weathering and external loads
and adapt their shape to the anisotropic state of stress.
Masˇ´ın et al. (2005) and Najser et al. (2012) assumed an analogous structure
degradation mechanism for both soil types, since there is a similar shape
of compression curves of the lumpy soils and natural clays. A sufficient
effective stress causes lump destructuration and loss of intergranular voids.
Koliji et al. (2008) focused on the inter-lump voids and introduced a struc-
ture parameter equal to the ratio of the current macrovoid ratio to its initial
value at the intact state. Nevertheless, the application of Koliji ’s concept
may be questionable for fresh lumpy soils, since for them the decrease of
the macro-voids may be mainly induced by a rearrangement and distortion
of the lumps. Actually, even the inter-lump voids are substantially closed
( inter-lump porosity ≈ zero), the shear strength of the lumpy soils may
be still significantly lower than that of the homogeneous soils at the same
stress level due to the weak interface between the lumps, which is similar
to fissured soils.
2.1.2 Mechanical behaviour of fresh lumpy soils
There are many factors which influence the stability and deformation of
lumpy landfills, such as the shear strength of lumps and structure of fills.
The compression behaviour of the lumpy materials was investigated by
many researchers, including laboratory works (Leung et al., 2001; Herb-
stova´ and Herle, 2009; Kostkanova´ et al., 2014; Shi and Herle, 2014) and
site investigations (Hartlen and Ingers, 1981; Karthikeyan et al., 2004).
Theoretical works by Masˇ´ın et al. (2005a) and Najser et al. (2012) pro-
posed constitutive models within the sensitivity framework. Koliji et al.
(2008) proposed an elasto-plastic modeling approach for dry aggregated
soils.
Leung et al. (2001) performed oedometer tests on artificial lumpy soils,
they found that most of the inter-lump voids closed at low stress levels.
Afterwards, the samples become more stable with smaller settlements. Cen-
trifuge model tests were also conducted to investigated the effects of lump
shape and size on the behaviour of lumpy soils. It indicated that the settle-
ment of sample made up of spherical lumps was smaller than that consists
of cubic lumps. The deformation increases with the size of the lumps, since
the inter-lump porosity is higher for larger lumps. Herbstova´ and Herle
(2009) also observed a significant difference between the sieved finer mate-
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rial and coarse material in compression characteristic. Analogously, after
Leung et al. (2001), samples consisting of stiffer lumps also has a higher
inter-lump porosity due to contact bonding between lumps. Subsequently,
it has higher compressibility compared to samples of softer lumps.
Robinson et al. (2005) conducted series of compression test and cone pene-
tration test to study the deformation and strength characteristic of lumpy
soils. He concluded that the packing arrangement of the lumps can be neg-
ligible, while the swelling of clay lumps has a significant influence on the
compression behaviour. The study also shows that the permeability of a
lumpy fill is reduced to an order comparable to that for homogeneous clay
at a consolidation pressure of about 100 kPa (smaller than the preconsoli-
dation pressure). However, the shear strength profile indicates that the fill
is still nonuniform until it reaches the preconsolidation pressure.
Oedometer and direct shear tests of fresh lumpy soils performed by Herb-
stova´ & Herle (2009) reveal some features of natural fresh lumpy soils. The
compression curve of fresh lumpy soils under dry conditions shows a re-
verse ’S’ curve which is similar to that of natural soils. The curvature of
the compression lines changes at a threshold vertical pressure, indicating
closure of the macrovoids in one-dimensional compression. The threshold
stress under flooded conditions is much smaller and is dependent on the
clay lump size and original overburden pressure of the lumps. The shear
strength of samples in flooded conditions is considerably smaller than that
of the samples in dry conditions, which depends on the strength of the
lumps.
As stated by Pooly (2013), the compression of fresh-lumpy soils can be di-
vided into three phases according to the evolution of their macrostructure
(Fig. 2.2): fragmentary, transitional, and continuous phases. This is con-
sistent with Feda ’s statement (Feda, 1998), i.e., the compression of double
porosity soils is accompanied by a transition from fragmentary to ”cohe-
sive” behaviour. The fragmentary phase exists within a very low stress
level and the data are close to Sedimentary Compression Line (SCL). In
the transitional phase, lumps are distorted and intergranular voids are grad-
ually closed. The compression curve shows a higher compressibility than
that in the fragmentary phase. The continuous phase is reached when the
double porosity structure is destroyed and the compression curve follows
the Intrinsic Compression Line (ICL).
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Figure 2.2: Consolidation phases of fresh lumpy soil in e-lnσ′v compression
plane (Pooly, 2013)
2.2 Lumpy composite soils
2.2.1 Basic theory of inhomogeneous soils
The strength of fresh landfills is relatively high due to the contact bonding
between lumps which hindered rearrangement of lumps. However, lumps
may partly disintegrate into a reconstituted soil due to weathering factor
(Hersˇtus, 1999; Kostkanova´ and Herle, 2014; Shi and Herle, 2014). In
this way, a lumpy composite structure is created, in which the lumps are
randomly distributed in the reconstituted soil. The inter-lump voids are
filled with reconstituted soils, therefore the stiffness and strength are not
dominated by the original soils (stiff lumps) any more. To guarantee the
safety of the slopes and estimate the longterm settlement of the landfills,
the compression and strength behaviour of such a lumpy material should
be understood.
As defined by Hashin (1983): the inhomogeneous materials consist of two
or more different materials that form regions large enough to be regarded as
continua and which are firmly bonded together at the interface. Following
this definition, there are two typical inhomogeneous materials (Torquato,
1991; Quintanilla, 1999): particulate composites and fiber composites. The
random particulate composites are characterized by some degree of disorder
on a local scale, which resembles lumpy composite soils consisting of lumps
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and reconstituted soils. Tu et al. (2005) investigated the thermal conduc-
tivity and elastic modulus of the composites with randomly distributed
lumps with the finite element methods. The results are shown in Fig. 2.3.
Improving the thermal conductivity (elastic modulus) of inclusions signif-
icantly enhances the overall conductivity (elastic modulus) at first but it
comes to a limit state and cannot be further increased after approaching a
transition point.
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Figure 2.3: Change of overall elastic modulus (thermal conductivity) of
composites with that of the (randomly distributed) inclusions (Tu et al.,
2005)
The stiffness of lumpy composite materials increases with the volume frac-
tion of the lumps (Nielsen, 1970). Hashin (1983) pointed out that when
a soft matrix was reinforced by rigid lumps, the stiffness of the composite
can only increase to several times the matrix stiffness, which corresponds
to a saturate state as proposed by Tu et al. (2005). However, the strength
of this composite is only of the matrix value order or maybe even lower
(Hashin, 1983). The nature of the fiber composites is far different from
that of the random inhomogeneous materials (Tay, 2008; Tsai and Wu,
1971): the stiffness and strength in the fiber direction are of the fiber value
order, while in the transverse to the fiber direction, they are similar to the
nature of lumpy composite materials.
The nature of the fiber composites was deliberately introduced to improve
soil properties in engineering practice (Barron, 1948; Hansbo, 1979; Rai-
son, 2004), where the stiffer inclusion can not only enhance the carrying
capacity of the soft clay (higher strength in fiber direction) but also reduce
the settlements (higher stiffness in fiber direction). The random inhomo-
geneous soils are also widely used in practice. The major engineering issue
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in reclamation is the settlements changing with selfweight and surcharge
(Karthikeyan et al., 2004). The matrix and inclusion of the lumpy material
are the reconstituted soil (clay slurry under lower stress level) and lumps,
respectively. Yang et al. (2002) pointed out that the permeability of the
lumpy material is of the value order of the reconstituted clay. Hartlen and
Ingers (1981) conducted field investigation of land reclamation. Large in-
stantaneous vertical and horizontal movements indicate that the stiffness
and strength of the clayfills are significantly affected by the reconstituted
soil in inter-lump voids.
For lumpy composite soils, there are also two extreme values of overall
stiffness and thermal conductivity. The highest value of the overall stiff-
ness (thermal conductivity) is measured when the lumps and matrix are
arranged in parallel in the direction of force (thermal flux), the lowest one
is achieved when the constituents are arranged in the series configurations.
For random inhomogeneous materials, their properties lie between the se-
ries model and the parallel model. The actual values may be approximated
by the knowledge of the microstructure of composites.
2.2.2 Mechanical properties of stiff lumps with low stress
level
As described by Feda (1998), a lumpy soil is a very difficult waste material.
Two main factors are responsible for its complicated mechanical properties:
the behaviour of the lumps and the macro structure (arrangement of the
lumps). After Herbstova´ and Herle (2009), the mechanical properties of the
excavated clayey lumps are influenced by the matrix suction, overconsolida-
tion and the soil structure. The initial matric suction depends on the orig-
inal in-situ depth and decreases accompanied by swelling when lumps are
placed in water (Robinson, et al., 2004). After being saturated, the value
of the matric suction reduces to zero. The excavated lumps are originally
heavily overconsolidated, since they experienced a much higher overburden
pressure than the current value. The overconsolidation could be induced
by several factors, e.g., erosion, excavation or the changes in groundwa-
ter level (Cotecchia and Chander, 2000; Chander, 2000). The excavated
lumps usually possess natural structure, which shows different mechanical
response than its reconstituted counterpart (Leroueil et al. 1979; Burland
1990; Leroueil and Vaughan 1990; Burland et al., 1996). This difference is
related to the change of microstructure developed during the depositional
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 23 — #29
2.2 Lumpy composite soils 23
and postdepositional processes.
As stated above, two effects are considered important for the analysis of
natural stiff clays, overconsolidation and natural structure. The overcon-
solidated effect was investigated by many researchers, including laboratory
works (Hvorslev 1937; Burland et al., 1996; Hattab and Hicher, 2004;
Atkinson, 2007) and theoretical models (Zienkiewicz and Naylor, 1973;
Tanaka et al., 1986; Potts and Zdravkovic, 1999; Mita et al., 2004; Yao
et al., 2012; Tsiampousi et al., 2013). The overconsolidated soils behave
differently on the dry and wet sides of the critical state. On the dry side,
they show a peak strength and shear dilatancy, and the failure points can
be approximated by the Hvorslev surface (Hvorslev, 1937). In contrast, the
failure points follow the Critical State Line on the wet side. The models
proposed by Potts and Zdravkovic (1999) and Mita et al. (2004) show sat-
isfactory performance, however, they may overestimate the shear strength
at a relatively low stress level. The subsequent models developed by Yao et
al. (2012) and Tsiampousi et al. (2013) seem to be well suited for heavily
overconsolidated soils, however, the complicated formulations limit their
application.
The soil structure has a similar effect as the overconsolidation, e.g. it can
produce a peak strength with a postpeak strain softening. For natural soils
with a meta-stable structure, overall volume contraction may be observed
during the strain softening (Lo, 1972; Nambiar et al., 1985; Georgiannou et
al., 1993; Carter et al., 2000). This is due to the higher void ratio of natural
soils than that of the reconstituted clays at the same stress level. Recently,
the influence of soil structure has been incorporated in constitutive models
by many researchers (e.g., Gens and Nova, 1993; Rouainia and Muir Wood,
2000; Kavvadas and Amorosi, 2000; Liu and Carter, 2002; Callisto and
Rampello, 2004; Baudet and Stallebrass, 2004; Masin, 2007). Most of
these models are extensions of the critical state model (Roscoe and Burland
1968). These models originating from the Modified Cam clay model may
overestimate the shear strength in the low stress range. Other advanced
models achieve satisfactory predictions by modifying the shape of the state
boundary surface (Wheeler et al., 2003; Nova et al., 2003). However, their
improvement in accuracy is often accompanied by an increase in complexity
of calibration procedures and/or constitutive formulations.
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 24 — #30
24 Literature review
2.2.3 Numerical and theoretical investigation
The properties of the lumpy material are different from those of compos-
ites with elastic inclusions. The soil lumps behave quasi-elastically in the
pre-peak regime and disintegrate in the post-peak regime which can be also
accompanied by dilation. Modeling this type of soil behaviour is a chal-
lenge. Dolezˇalova´ and Korˇa´n (2002) investigated the mechanical properties
of the lumpy material in a micromechanical approach with PFC2D. In their
model, the lumps and reconstituted soil were represented as assemblies of
bonded and unbonded particles respectively. Masˇ´ın et al. (2005a) pro-
posed an elasto-plastic model within the sensitivity framework which was
initially developed for natural soils. They claimed a good approximation
between the simulation and laboratory results. Najser et al. (2010) used
a similar approach based on the hypoplastic model (Masˇ´ın et al., 2005b),
however they chose the lumps as the reference material. After analysis of
the structure degradation of an aggregated soil in micro scale, Koliji et al
(2008) proposed a structure parameter (the ratio of the current macrovoid
to its initial value) for the modeling of aggregated soils.
The micromechanical model (Dolezˇalova´ and Korˇa´n, 2002) is a good ap-
proximation for the natural lumpy material, but most parameters (e.g.
contact stiffness, shear and normal contact bond strength) are calibrated
by trial and error attempt. For the models proposed in the framework of
continuum mechanics (Masˇ´ın et al., 2005a; Najser et al., 2010), most of
the parameters can be calibrated from the conventional laboratory tests.
However, from these models, one cannot extract any information on the
constituents such as the stress (strain) distribution in the lumpy material
from the models. Koliji ’s model (Koliji et al., 2008) can give the evolution
of the macrovoid ratio of the aggregated soils, but it is only valid for the
lumpy material without reconstituted soils in the inter-lump voids.
2.2.4 Consolidation behaviour of lumpy soils
The consolidation behaviour of lumpy materials controls the deformation
of landfills. Decrease of void ratio can affect the strength of the landfills,
which is a crucial issue in open-pit mining. Leung et al. (2001) and Robin-
son et al. (2005) investigated the lumpy soil used in land reclamation. As
stated by Yang et al. (2002) and Shi and Herle (2014), the reconstituted
soil which exists in the inter-lump voids, plays a crucial role in the per-
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meability of lumpy materials. Due to a significant difference of specific
volume between the stiff lumps and the reconstituted soil within the inter-
lump voids, the dissipation of water pressures within the constituents is
different, and the gradient of the excess pore water pressure between lumps
and the reconstituted soil accelerates the consolidation of the lumps.
Most of the theoretical works on the consolidation behaviour of double
porosity media have been developed for the fractured porous rocks in petro-
leum reservoirs. After Valliappan and Khalili-Naghadeh (1990), the frac-
tured porous medium can be modeled as a number of porous blocks sep-
arated by a system of randomly distributed fissures. Aifantis (1977, 1979
and 1980) developed a general framework for double porosity materials.
Wilson and Aifantis (1982) presented analytical solutions for several spe-
cial cases and the finite element equations were also formulated (Khaled
et al., 1980). Later, Valliappan and Khalili-Naghadeh (1990) proposed a
model, in which the coefficients in the governing differential equations are
not constants but functions of the porosity of the solid skeleton.
Similarly to the work by Valliappan and Khalili-Naghadeh (1990), Yang et
al. (2002) proposed a model for the consolidation behaviour of the lumpy
clayfill. In their model, it was assumed that the total stress was the same
for the inter-lump system and the intra-lump system under one-dimensional
conditions. This assumption was initially proposed by Elsworth and Bai
(1992) for the fractured porous media. In case of a fractured porous
medium, most of the permeability is provided by the fissures, at least ten
times greater than the corresponding quantities of the porous blocks. How-
ever, the volume fraction of the fissures is relatively low, about one degree
of magnitude less than that of the porous blocks (Wilson and Aifantis,
1982). Consequently, the total stress in the porous phase is approximately
the same as the overall value.
In contrast, the inter-lump porosity of the clayfills arising from the filling is
relatively high (approximately 45%) and a significant part of the inter-lump
voids may be filled with a reconstituted soil resulting from the structure
degradation. Therefore, the assumption described above (Elsworth and
Bai, 1992) is not suitable for the lumpy composite structure in this study.
The lumps are randomly distributed in the reconstituted soil. The struc-
ture is composed by both series (Reuss, 1929) and parallel (Voigt, 1928)
structures at different orientations. Therefore, the stiffness lies between the
series model and the parallel model. The stresses and strains within such
a material are not uniform under one-dimensional compression.
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artificial lumpy materials
3.1 Introduction
There are many factors which influence the stability and deformation of
lumpy landfills, such as the shear strength of lumps and structure of fills.
As investigated by Herbstova´ and Herle (2009), the shear strength of natu-
ral lumps is influenced by matric suction, overconsolidation and diagenetic
processes (see Fig. 3.1). When the rainfall is abundant, the landfills would
become saturated due to the drainage path created by macrovoids. There-
fore, this chapter considers saturated soils only.
Figure 3.1: Influence factors of natural lumps
An artificial lumpy material is investigated in this chapter. As a transi-
tion form between the reconstituted and natural lumpy soils, it plays an
important role in explanation of the strength and permeability properties
of natural lumpy materials. Compared with reconstituted soils, it has a
double pore system. However, the shear strength of the tested material
is lower than that of a natural lumpy material. There is no ageing effect
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in this artificially prepared soil, therefore the shear strength of lumps is
controlled only by their porosity linked to overconsolidation.
Three topics will be investigated in this chapter: (1) The permeability of
the lumpy material. (2) The strength and compression behaviour of the
lumpy material and its comparison with that of the reconstituted soil. (3)
The structure transition of the lumpy material during compression and
shearing processes.
3.2 Material properties and preparation of lumpy
sample
The material investigated in this study is a silty clay, which was sieved with
a mesh diameter of 2 mm to exclude coarse grains from the natural soil. The
silty clay was used in this study due to the fact that the unsaturated clay on
the surface can disintegrate fast into reconstituted soil, which reflects the
structure processes of the natural landfill material in the field. In this way,
time effect can be included in the laboratory. The basic physical properties
of the soil are shown in Table 3.1. After being mixed with water, the slurry
was poured into a consolidometer and then consolidated to 140 kPa by
gradually adding slotted weights on the weight hanger. The duration of
each load increment was 24-48 hours.
Density of particles Liquid limit Plastic limit Clay Silt Sand Gravel
g/cm3 % % % % % %
2.70 32.6 19.4 18 70 10 2
Table 3.1: Basic physical properties of the reconstituted silty clay
The preparation of an artificial lumpy soil started by reconstituting the soil
and then consolidated in the consolidometer. After being fully consolidated,
the specimens were extruded out from the consolidometer, and trimmed
into 8 cm in height. In order to reflect the actual stress state of the stiff
clay excavated from underground, a high pressure triaxial cell was used (see
Fig. 3.2), which can reach a maximum cell pressure of 13 MPa.1 The soil
intended for the lumpy specimens was consolidated under effective mean
1E.g. in the Most Basin the original thickness of the sedimentary soil is as much
as 550 m, and the subsequent denudation could range from 70 to 300 m. Hence, the
preconsolidation pressure of the excavated claystones may surpass 10 MPa.
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stress of 4000 kPa or 13000 kPa respectively for 2 days, and then freely
swelled under 30 kPa for 1 day, as shown in Fig. 3.3. Therefore, the
swelling of the triaxial specimen took place before creating the lumps from
it.
Figure 3.2: High pressure triaxial device (up to 13 MPa)
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Figure 3.3: Preconsolidation of specimens used for the preparation of an
artificial lumpy soil in terms of specific volume-consolidation stress rela-
tionship in double logarithmic plot
Finally, the soil was taken out from the triaxial cell and cut carefully into
pieces with maximum size of 5 mm. The cutting procedure can be seen
in Fig. 3.4. In order to distinguish the particle grain sizes of the artificial
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lumpy material, the pieces were sieved through several different mesh sizes
as shown in Fig. 3.5. For specimens used in the triaxial tests, the lumpy
material was sieved through three different mesh openings (5 mm, 3 mm,
1 mm), while the pieces for oedometer tests were sieved with four different
mesh openings (4 mm, 3 mm, 2 mm, 1 mm). The maximum grain size
of the lumpy material was kept smaller than 1/5 of the smallest specimen
dimension (DIN18137-2). Herein, the smallest dimensions of the tested
specimens are 3.8 cm (diameter) for the triaxial test and 2.2 cm (height)
for the oedometer test, respectively. Thus, the corresponding maximum
grain sizes are 5 mm and 4 mm respectively. Fig. 3.6 shows the final
particle size distribution of the lumpy specimens.
Figure 3.4: Preparation of the lumpy material
Figure 3.5: Lumpy material with different grain size after being sieved
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Figure 3.6: Size distribution of the artificial lumpy material
The maximum consolidation pressure for the subsequent tests on lumpy
soils is 400 kPa, thus the lumps keep a high overconsolidation ratio during
the tests.
3.3 Test procedures
3.3.1 Triaxial tests
The grains of the lumpy material were first inserted asing a spoon into
a split mold holding the membrane, and slightly compacted with a small
hammer. After that, the cap was installed and a vacuum back pressure
was applied with a GDS controller to hold the specimen together. The
vacuum was kept at a less value to avoid a strong preloading. After fixing
the cell, the cell pressure increased to 20 kPa, meanwhile the back pressure
increased to 0 kPa. Table 3.2 summarizes the test plan. The initial overall
specific volumes of the lumpy specimens are also given in Table 3.2.
The specimens were fully saturated before consolidation. The saturation
method was as follows: increase of the back pressure to 10 kPa and opening
the valve which connects the top of the specimen with the drainage system.
The water enters the bottom of the specimen, and flows out with air from
the top of the specimen. To check the saturation, the drainage system
was closed, a small increase in cell pressure was applied and the resulting
change in the pore water pressure was measured.
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Test number Apparatus Initial state Testing condition p¯′c / kPa vt
Lumpy-art-1 Triaxial Fresh Saturated 13000 1.80
Lumpy-art-2 Triaxial Fresh Saturated 4000 1.82
Lumpy-art-3 Triaxial Fresh Saturated 4000 1.78
Lumpy-art-4 Oedometer Dry Dry 950 2.32
Lumpy-art-5 Oedometer Dry Flooded 950 2.25
Lumpy-art-6 Oedometer Dry Dry 4000 2.24
Lumpy-art-7 Oedometer Fresh Flooded 4000 2.26
Table 3.2: Testing conditions and initial vaues
After saturation, the specimens were consolidated stepwise, from 10 kPa
to the expected effective mean pressure. The specimens were compressed
afterwards with a constant effective mean stress. The stress paths of re-
constituted samples can be seen in Table 3.5. The stress increment ratio s
in the table is defined as the ratio of the cell pressure increment δσ′3 to the
axial stress increment δσ′1. A Labview program was used to keep a constant
stress increment ratio during the tests. The cell pressure decreases with the
increase of the axial contact force (the force between the specimen and the
loading cap) according to the following equation:
δσ′3 =
sδF
(1− s)A (3.1)
where s is the stress increment ratio, δF is the increment of the contact
force and A is the cross specimen area of the sample.
3.3.2 Oedometer tests
The preparation procedure of lumpy materials is identical to that of the
triaxial tests. Two materials were used in the oedometer test: fresh lumpy
material and dry lumpy material. Both of them are artificial lumpy mate-
rials, the dry material is dried in the oven for 24 hours. As can be seen in
Table 3.2, four oedometer tests were conducted, including different initial
states and testing conditions.
The test procedure of specimen flooded was slightly different from conven-
tional oedometer tests. The specimen was first flooded under 2.5 kPa for
at least 1 day. When the settlement vanished, the stress level was increased
stepwise.
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3.4 Initial specific volume
The initial specific volume is a controlling parameter for the mechanical
response of any soil. As can be seen in Fig. 3.7, the overall specific volume
vt =
Vt
Vs,l
can be decomposed into inter-lump specific volume ve =
Vt
Vl
and
intra-lump specific volume vi =
Vl
Vs,l
, respectively (see e.g. Herbstova´ and
Herle, 2009):
Figure 3.7: Volume divisions and calculation of specific volumes for a lumpy
material
vt = vive (3.2)
The value of ve can be obtained from
ve =
ρl
ρt
(3.3)
where ρl and ρt are density of the lumps and the lumpy specimen respec-
tively. If the lumps are fully saturated, ρl can be expressed as
ρl =
ρs + (vi − 1)× ρw
vi
(3.4)
where ρs is density of the soil particles. If unsaturated, density of the lumps
follows from:
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ρl =
ρs + ρw × S × (vi − 1)
vi
(3.5)
with S denoting the degree of saturation. During cutting and sieving pro-
cess, the water content of the lumps slightly decreases, and the material
becomes unsaturated. Therefore, Eq. (3.5) is adopted in this chapter.
The above mentioned parameters are summarized in Table 3.3. It should
be noted that Eqs (3.4) and (3.5) are only used for a lumpy sample at
the initial state. When the lumps show a significant disintegration, these
definitions of the specific volumes are not valid any more.
Test number Lumpy-art-1 Lumpy-art-2 Lumpy-art-3 Lumpy-art-7
ρl 2.24 2.17 2.18 2.18
ρt 1.70 1.72 1.76 1.38
S 0.97 0.97 0.97 0.93
vi 1.37 1.45 1.44 1.44
ve 1.32 1.26 1.24 1.56
vt 1.80 1.82 1.78 2.26
Table 3.3: Parameters of lumpy specimens
3.5 Behaviour of the reconstituted soil
The properties of a reconstituted soil form a useful frame of reference for in-
terpreting the behaviour of the lumpy material. In order to investigate the
strength and compression behaviour of the reconstituted silty clay, several
triaxial tests were conducted, as shown in Table 3.4, including 3 drained
triaxial tests, 2 undrained triaxial tests and one K0 test in triaxial appara-
tus.
The stress paths for the reconstituted specimens are shown in Figs. 3.8
and 3.9, together with the Critical State Line (M=1.4). Fig. 3.10 presents
the results in the relationship between the specific volume v and the mean
effective stress p′. The corresponding Normal Compression Line (N∗=0.64,
λ∗=0.036) and Critical State Line (Γ=0.61) both in double logarithmic
scales are also plotted in this figure.
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Test Number w0 /% s σc /kPa Type Condition
Rec-silty-1 25.29 1.4 150 Isotropic Drained
Rec-silty-2 25.87 -0.5 150 Isotropic Drained
Rec-silty-3 26.14 0 150 Isotropic Drained
Rec-silty-4 24.48 0 150 Isotropic Undrained
Rec-silty-5 23.74 0 200 Undrained Undrained
Rec-silty-6 26.35 K0 — K0 Drained
Table 3.4: Initial water content and loading conditions for the reconstituted
soil
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Figure 3.8: Effective stress paths and Critical State Line of the reconsti-
tuted soil for the drained triaxial tests
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Figure 3.9: Effective stress paths and Critical State Line of the reconsti-
tuted soil for the undrained triaxial tests
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Figure 3.10: Relationship between specific volume and mean effective stress
As can be seen from Figs. 3.8-3.10, the stress path of Rec-silty-1 with a
stress increment ratio of 1.4 corresponds to decrease of p′ and the specimen
becomes overconsolidated in relation to p′. Consequently, the peak stress
lies slightly above the Critical State Line. The peak values of the tests
Rec-silty-2 and Rec-silty-3 lie on the Critical State Line, not only in the
p′-q plane, but also in the v-p′ plane. It should be noted that the Normal
Compression Line is obtained from test Rec-silty-6, which is a K0-test con-
ducted in the triaxial apparatus. The Critical State Line is obtained from
the limit state of the tests Rec-silty-2 and Rec-silty-3.
3.6 Behaviour of the lumpy material
3.6.1 Isotropic compression
Figs. 3.11a-3.11c show the time-volume change curves obtained under dif-
ferent stress levels in the tests Lumpy-art-1, Lumpy-art-2 and Lumpy-art-3.
The volume change is normalized with respect to the total volume incre-
ment.
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(b) Test Lumpy-art-2: maximum consolidation stress=200 kPa
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(c) Test Lumpy-art-3: maximum consolidation stress=400 kPa
Figure 3.11: Isotropic consolidation curves of lumpy specimen
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As can be seen from these figures, the rate of the volume change is high
under low stress level due to the presence of inter-lump voids. These macro
voids facilitate free water drainage during the consolidation. The inter-
lump voids are being closed with increasing consolidation pressure, which
leads to a gradual decrease of the permeability.
In order to better understand the permeability properties, the vertical hy-
draulic conductivity was investigated using the data from isotropic consol-
idation tests. The coefficient of consolidation follows from
cv =
kvt
γw
dp′
dvt
(3.6)
Herein, k denotes the hydraulic conductivity; vt is the overall specific vol-
ume; γw is the unit weight of water. Eq. (3.6) can be also expressed as
cv =
k
γw
d ln p′
dln(vt)
p′ =
kp′
γwλ¯
(3.7)
where λ¯ = (d ln vt)/(d ln p
′) is the slope of the compression line in terms of
specific volume versus consolidation stress in a ln vt : ln p
′ plot (Butterfield,
1979).
From Eq. (3.7), one obtains the formula for the hydraulic conductivity:
k =
λ¯cvγw
p′
(3.8)
cv = 0.848h
2/t90, h is the height of the specimen and t90 is the time dura-
tion corresponding to 90% of consolidation, which can be derived from the
consolidation curve.
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Figure 3.12: The relationship between (overall) specific volume and hy-
draulic conductivity in isotropic consolidation test
The change of hydraulic conductivity with specific volume (Fig. 3.12) shows
that there is an approximately linear relationship between vt and k in the
double logarithmic plot. This result corresponds to the observations for
reconstituted soils published by Tavenas et al. (1983).
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Figure 3.13: The relationship between hydraulic conductivity and consoli-
dation stress in isotropic consolidation test
Fig. 3.13 shows the relationship between hydraulic conductivity and con-
solidation stress in a ln k − ln p′ plot. As indicated in this figure, the log-
arithmic value of k depends approximately linearly on that of lnp′ up to
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100 kPa. For higher consolidation stresses, the dependence becomes non-
linear, which may be linked to a gradual closure of the inter-lump voids. In
addition, the hydraulic conductivity of the specimen Lumpy-art-1 is higher
than that of the other two tests under the same consolidation pressure.
This can be linked to a higher preconsolidation pressure of the lumps in
the specimen Lumpy-art-1.
The hydraulic conductivity of the lumpy material is higher than that of the
reconstituted soil at the same consolidation stress, which can be explained
as follows: the lumpy material consists of the lumps and the slurry within
the inter-lump voids, therefore, water flowing through the sample prefers
the slurry of higher permeability in the lumpy soil which is not available in
a homogeneous reconstituted soil.
1.45
1.55
1.65
1.75
1.85
1.95
2.05
1 10 100 1000
O
ve
ra
ll s
pe
cif
ic 
vo
lu
m
e
Effective mean stress /kPa
Reconstituted: w0=23.34%
Lumpy-art-1 (isotropic consolidation)
Lumpy-art-2 (isotropic consolidation)
Lumpy-art-3 (isotropic consolidation)
Lumpy-art-1 (triaxial compression)    
Lumpy-art-2 (triaxial compression)    
Lumpy-art-3 (triaxial compression)    
Figure 3.14: Overall specific volume-consolidation stress curves observed in
isotropic consolidation test followed by a triaxial compression test
Fig. 3.14 presents the compression behaviour in terms of overall specific
volume versus consolidation stress in a double logarithmic plot. The recon-
stituted soil is also plotted in this figure for comparison. For the slightly
compacted lumpy specimens, the overall specific volume changes approx-
imately linearly with the logarithm of the consolidation stress. Although
the lumps are highly overconsolidated with the preconsolidation pressure
of 4000 kPa or more, the lumpy material behaves similarly as the reconsti-
tuted specimen.
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3.6.2 Oedometer tests
Fig. 3.15 shows the compression curves in terms of overall specific volume
versus effective vertical stress in a double logarithmic plot. The dry lumpy
specimens possess higher void ratios than the flooded ones. As mentioned
above, the clay lumps are extremely stiff. It can be expected that the
settlement is mainly induced by the crushing of the dry lumps. As can
be seen in Fig. 3.17, the lumpy structure and the inter-lump voids are
preserved even under high stress level (1560 kPa).
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Figure 3.15: Overall specific volume-consolidation stress curves observed in
oedometer test
The fresh material and the dry material after flooding show similar com-
pression behaviour. As mentioned above, the specimens (Lumpy-art-5 and
Lumpy-art-7) were flooded at 2.5 kPa followed by an immediate settle-
ment. For the vertical stresses larger than 20 kPa, the overall specific
volume changes linearly with vertical stress in a double logarithmic plot.
In this stress range, the deformation can be divided into two parts: (1)
deformation of the slurry in the inter-lump voids with a high compressibil-
ity. (2) deformation of the stiff lumps having a low compressibility. The
combination of these mechanisms yields a compression line parallel with
the Normal Compression Line. The compression curves of the lumpy mate-
rial are expected to converge to those of the reconstituted sample at much
higher consolidation stress. However, such high stresses are not relevant
for the field applications.
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(a) Before wetting: left-dry material; right-fresh material
(b) 2 minutes after flooding
(c) After mixing the flooded soil
Figure 3.16: Wetting tests for the dry lumpy material (Lumpy-art-6) and
fresh lumpy material (Lumpy-art-7)
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The initial void ratios of the specimens Lumpy-art-5 and Lumpy-art-7 are
close to each other, but the initial wetting settlements are significantly
different. This process could be explained with help of Figs. 3.16a-3.16c,
showing the material in different time stages. The dry material is highly
sensitive to wetting. When being immersed in water, it disintegrates into
the reconstituted soil in several minutes. This means that the inter-lump
voids of the specimen Lumpy-art-5 become filled with a slurry (see Fig.
3.18(a)), producing a high overall specific volume.
Figure 3.17: Specimens after oedometer tests: left-dry material (Lumpy-
art-6); right-flooded material (Lumpy-art-7)
Compared with the dry lumps, the fresh lumps mostly keep their structure
when immersed in water. Still, the so called ’fresh lumpy material’ was not
fully saturated due to the cutting, sieving and handling. Analogously to
the dry lumps, the material on the surface of the fresh lumps transforms
continuously into a reconstituted soil.
(a) Structure transition for a dry lumpy material after flooding
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(b) Structure transition for a fresh lumpy material after flooding
Figure 3.18: Comparison of the structure transitions of the fresh and dry
lumpy materials after flooding
As can be seen in Fig. 3.18(b), the surface disintegration induces rear-
rangement of the structure, which contributes to a gradual closure of the
inter-lump voids. Hence, the overall specific volume of the fresh lumpy ma-
terial at 2.5 kPa after flooding is lower than that of the original dry lumpy
material. As will be discussed later, the structure changes depicted in Fig.
3.18 play a crucial role in the strength and permeability properties of the
lumpy material.
3.6.3 Error analysis of the initial specific volume
It can be seen in Fig. 3.19 that even under a relatively high stress (400 kPa),
there is still a significant difference between the (Lumpy-art-1-Lumpy-art-3)
and the oedometric (Lumpy-art-7) compression. Although there is a slight
difference in the particle size distribution, as pointed out by Robinson et
al. (2005), the lump size has only a marginal influence on the compression
behaviour of this kind of material in saturated state, especially when the
inter-lump voids are mostly closed. Leung et al. (2001) also found that the
closure of inter-lump voids is the main contribution to the settlement of a
lump fill, while the settlement caused by different lump size is of a minor
significance. Therefore, such a remarkable significant difference does not
seem to originate from the closure of the inter-lump voids when flooding a
fresh lumpy material.
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Figure 3.19: Comparison of isotropic consolidation (Lumpy 1-3) and oe-
dometer (Lumpy-art-7)
As mentioned in Sec.2, the initial specific volume is a crucial parameter
for the interpretation of the test results. There are several factors which
may produce errors in the measurements. First, the size of the specimen
decreases during wetting. This error can be minimized, if we measure the
size of the specimen once more after the saturation procedure.
Another factor is the membrane penetration. As shown e.g. by Kiekbush
and Schuppener (1977), this effect can be important for coarse grained ma-
terials. It is generally accepted that the particle size has the major impact,
whereas the particle shape and relative density seem to play a minor role.
Furthermore, membrane penetration depends strongly on the lateral effec-
tive stress. Several investigations (Frydman, 1973; Roscoe, 1963) indicated
that the compression curve affected by membrane penetration is steeper.
Consequently, the slope of the oedometer compression curve should be lower
than that of the isotropic consolidation test affected by membrane penetra-
tion. However, according to Fig. 3.19, both slopes are approximately the
same.
Let us idealize the lumpy material as balls with a diameter of 2r in a
prismatic box as in Fig. 3.20. The ratio between the volume of the voids and
the solid is (6−pi)/6. The volume difference due to membrane penetration
can be expressed as follows:
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δV =
(
pid2h0 − pi(d− 2r)2h0
4
)(
6− pi
6
)
(3.9)
Figure 3.20: A model for the membrane penetration of the lumpy material
Taking Eqs (3.2)-(3.5) into account, the impact of the membrane penetra-
tion can be analysed.
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Figure 3.21: Sensitivity analysis of the membrane penetration
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Figure 3.22: Revised test results of isotropic consolidation tests
Fig. 3.21 indicates that the membrane penetration can significantly influ-
ence the measured initial specific volume. The change in the overall specific
volume is approximately linear with the diameter of the soil grains, and it
decreases with an increase of the size of the specimen. For the tests on soil
lumps, the grain diameter of 3 mm represents an average value, resulting
in a difference of the overall initial specific volume of 0.14. When taken
into account, the revised results of the isotropic consolidation tests are in
accordance with the oedometer tests shown in Fig. 3.22.
3.6.4 Shear strength
Fig. 3.23 presents the strength envelope and the stress paths of the lumpy
material. The Critical State Line of the reconstituted soil corresponds to
M=1.4. The shear strength of the lumpy specimens is close to that of a
reconstituted soil, being different from the unsaturated lumpy soils in their
natural state (Herbstova´ and Herle, 2009). Actually, the shear strength of
the saturated lumpy material is mainly controlled by the reconstituted soil
in the inter-lump voids.
For the subsequent analysis, Hvorslev equivalent pressure is used for the
normalization. After Burland (1996), the revised normalized Mohr-Coulomb
equation can be expressed as
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q
p′e
∗ = χ
∗
e +
p′
p′e
∗Me
∗ (3.10)
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Figure 3.23: Shear strength and stress path of lumpy material
Specimen s vl (vt) p
′ /kPa q /kPa p′e
∗
/kPa
Rec-silty-1 1.4 (drained) 1.59 29 42 134
Rec-silty-2 -0.5 (drained) 1.54 153 211 313
Rec-silty-3 0 (drained) 1.51 283 396 500
Rec-silty-4 0 (undrained) 1.56 79 110 226
Rec-silty-5 0 (undrained) 1.53 137 191 392
Lumpy-art-1 -0.5 (drained) 1.64 ; 1.50 102 135 690
Lumpy-art-2 -0.5 (drained) 1.60 ; 1.46 199 262 1427
Lumpy-art-3 -0.5 (drained) 1.52 ; 1.38 402 551 7041
Table 3.5: Shear strength and (overall) specific volume at the limit stress
state
Herein, χ∗e and Me
∗ = 6 sinφ∗e/(3 − sinφ∗e) are strength parameters, φ∗e is
the Hvorslev friction angle, p′e
∗ is the Hvorslev equivalent pressure, which
can be calculated as
p′e
∗
= exp
(
N∗ − ln v
λ∗
)
(3.11)
Herein, N∗=0.64 and λ∗=0.036 are compression parameters of the recon-
stituted soil. Additional data are given in Table 3.5
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Figure 3.24: Failure envelope for the lumpy soil and the reconstituted soil
in the normalized stress plane
Fig. 3.24 shows the failure envelope for the lumpy material and the re-
constituted soil in a normalized plot of qp′e∗
against p
′
p′e∗
. The limit stresses
of p′e
∗ are taken from the compression line (Rec-art-6) in Fig. 3.15. The
test results of both the lumpy material and the reconstituted soil follow
the straight lines. However, the Hvorslev strength parameters of the lumpy
material are lower than those of the reconstituted soil. The best fitted lines
correspond to:
q
p′e
∗ = 0.005 + 1.29
p′
p′e
∗ ; (χ
∗
e = 0.005;φ
∗
e = 32.1
◦) for lumpy material
(3.12)
q
p′e
∗ = 0.015 + 1.36
p′
p′e
∗ ; (χ
∗
e = 0.015;φ
∗
e = 33.7
◦) for reconstituted soil
(3.13)
It is important to notice that, since the lumpy material is being normalized
by the Hvorslev equivalent pressure linked to the reconstituted material,
the comparison of the shear strength of the lumpy and reconstituted ma-
terial is related to the same void ratio. The lumpy material consists of
the dense lumps and a slurry of a high void ratio. The limit stress state
in such a material is dominated by the soft reconstituted soil within the
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inter-lump voids, the strength is thus comparable to that of its reconsti-
tuted counterpart. However, the overall void ratio of the lumpy material is
lower than that of the reconstituted soil due to a significant volume frac-
tion of the highly overconsolidated lumps. Therefore, for a given overall
specific volume, the lumpy material possesses a lower shear strength than
the reconstituted soil.
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Figure 3.25: Relationship between deviatoric strain and deviatoric stress
for lumpy specimens under different consolidation stresses
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Figure 3.26: Triaxial stress-strain curves for the lumpy and the reconsti-
tuted soil
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Figure 3.27: Relationship between deviatoric strain and volumetric strain
from the triaxial tests
Figs 3.25 - 3.27 show the stress-strain and volumetric-strain curves of the
lumpy soil. As shown in these figures, the stress-strain curves are similar to
those of the reconstituted soil. Still, it can be seen in Fig. 3.26 that there
is a difference in the normalized stress in the small to the intermediate
strain range. The data of the lumpy material are lower than those of
the reconstituted soil in this range. For all specimens, no localized shear
deformation was observed at the limit stress state.
As shown in Fig. 3.27, the sample of the reconstituted clay contracts during
shearing and the volume change vanishes at the limit stress state. On the
contrary, the lumpy material seems to undergo a significant dilation even
if being consolidated under high stress (400 kPa). An explanation may
be found if relating the volume increase to the stress concentration in the
lumpy sample. As mentioned above, the lumpy material consists of the
stiff lumps and and a soft slurry within the inter-lump voids. The shear
stress distribution in this structure is not uniform and is relatively high
in the stiff lumps. Therefore, the lumps may soften during shear which is
accompanied by dilation. 2 However, the gradual softening of the lumps
diminishes the dilation effects with time.
2The volume increase of the lumpy material may be caused by the membrane pen-
etration due to the decreasing cell pressure. However, as can be seen in Fig. 3.22, the
slope of the isotropic compression lines (Lumpy-art-1, Lumpy-art-2 and Lumpy-art-3) is
approximately close to that of the oedometer test (Lumpy-art-7). Therefore, one can not
expect such a remarkable effect for the lumpy soil beyond 20 kPa.
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3.6.5 Structure transition of lumpy material
The stress ratio (q/p′) of the lumpy material is slightly lower than that
of the reconstituted soil, although a significant dilation was observed in
the first one. This indicates a nonuniform shear stress distribution in the
lumpy material. Furthermore, the permeability of the lumpy material is
much higher than that of the reconstituted soil at the same consolidation
stress which may be explained by a high hydraulic conductivity in the
slurry within the inter-lump voids. Both the stress concentration and the
hydraulic conductivity depend on the actual structure and its change with
the stress level. This structure transition of the artificial lumpy material
can be divided into three possible stages related to the stress level.
(1) The first stage (p′ < p′t): p′t is the threshold for the closure of the
inter-lump voids. In this stage, the clayfill is a three-phase material: the
inter-lump voids filled with water, small lumps and reconstituted soil.
(2) The second stage (p′t < p′ < p¯′c): p¯′c is the preconsolidation pressure of
the lumps. The clayfill in this stage consists of lumps and reconstituted
soil that exists in the inter-lump voids. The clayfill appears to be uniform
visually, but its stucture is still highly heterogeneous and the hydraulic
conductivity is higher than that of the reconstituted soil with the same
overall specific volume.
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Figure 3.28: Shear strength profiles in clayfill obtained from cone penetra-
tion test (from Robinson et al., 2005)
(3) According to the CPT tests in Fig. 3.28 published by Robinson et
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 52 — #58
52 Laboratory investigation of artificial lumpy materials
al. (2005), the inter-lump voids were substantially closed at a relatively
low consolidation stress, however, the shear strength of the lumpy material
was still highly heterogeneous. When the consolidation pressure is higher
than the preconsolidation pressure of the lumps p¯′c, the soil become ho-
mogeneous, both in macro and micro scales. However, this stage is not
of particular importance for the considered material with stiff lumps since
the consolidation stress in the field can hardly surpass the preconsolidation
pressure of the lumps.
In reality, the permeability of the lumpy material and softening of the
lumps (or degradation and disintegration of the natural lumps) change not
abruptly but gradually. Therefore, the mentioned thresholds are in fact
stress ranges.
Due to the different soil structure in different stages, the shear strength
and hydraulic conductivity characteristics are also significantly different.
(1) In the first stage, the hydraulic conductivity is mainly controlled by the
inter-lump skeleton due to the existence of macro drainage paths, while the
shear strength is controlled by the reconstituted soil around the lumps.
(2) In the second stage, due to the difference of specific volume between
the reconstituted soil within the inter-lump voids and the stiff lumps, the
dissipation of water pressure within the constituents is different, and the
gradient of the excess pore water pressure between the lumps and the re-
constituted soil accelerates the consolidation of the lumps. However, as the
overall specific volume decreases, the sharp difference between the recon-
stituted soil in the inter-lump voids and the lumps diminishes. Still, the
consolidation properties are still relevant to the original structure as also
indicated by Yang et al. (2002).
Within the second stage, the shear strength of the clayfill is governed by
the reconstituted soil existing in the inter-lump voids. Therefore, the shear
strength of the lumpy material is close to the Critical State Line of the
reconstituted soil. Nevertheless, dilation may be observed as well because
of the stress concentration in the lumpy material.
(3) In the third stage, the shear strength and hydraulic conductivity are
similar to that of the reconstituted soil, as mentioned already before.
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3.7 Conclusions
This chapter describes investigations of an artificial lumpy material. The
consolidation properties, compression and shear behaviour are discussed.
The following conclusions can be drawn:
(1) The rate of the volume change in the consolidation stage is faster and
higher under the low stress level than under the high stress level. Inter-
lump voids, which permit easy water drainage during consolidation, are
being gradually closed with an increase of the consolidation pressure.
(2) There is a linear relationship between the overall specific volume and
the hydraulic conductivity in double logarithmic plot. The hydraulic con-
ductivity also shows a linear relationship with the consolidation stress in
double logarithmic plot below the consolidation stress of 100 kPa. When
the consolidation stress surpasses 100 kPa, the slope of the line decreases,
which may be explained by a gradual closure of the inter-lump voids.
(3) The overall specific volume decreases approximately linearly with an
increase of the consolidation stress in double logarithmic plot for slightly
compacted lumpy specimens, being similar to the reconstituted soil. Taking
into account the membrane penetration, the isotropic compression curves
are in accordance with the oedometer tests.
(4) The shear strength of the slightly compacted lumpy specimens lies
slightly below the Critical State Line of the reconstituted soil. The strength
of the lumpy specimens is mainly controlled by its structure transition into
a reconstituted material during shearing process.
(5) Hvorslev equivalent pressure can help in the interpretation of the shear
strength properties. The normalized strength data of both the lumpy ma-
terial and the reconstituted soil lie on unique lines. Hvorslev strength
parameters of the lumpy material are lower than those of the reconstituted
soil.
(6) The structure transition can be divided into three possible stages with
respect to the hydraulic conductivity and strength properties. The transi-
tions between these stages are gradual.
(7) The stress-strain curves of the reconstituted clay and the lumpy soil
are similar, while there is a significant difference for the volumetric strain
curves. The lumpy material shows a volume increase during shearing even
if consolidated under a relatively high stress level (400 kPa). This effect
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may be related to the dilation of the highly overconsolidated lumps under
stress concentration.
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4 Laboratory investigation of
a natural lumpy soil
4.1 Introduction
A natural lumpy material is investigated in this chapter. Compared with
artificial lumpy soils, the strength of excavated natural lumps from open-pit
mining is affected by the inherent diagenetic structure which developed dur-
ing depositional and postdepositional processes. Therefore, the behaviour
of natural lumps is controlled by both the porosity linked to overconsolida-
tion and the inherent structure of the lumps. Consequently, natural lumpy
soils may show higher strength and additional energy is needed for ductile
squashing (distortion) of the lumps.
Series of oedometer and triaxial tests were performed on Hambach clay,
the compression and shear properties of the materials have been evaluated.
Three types of soils were used in this work: (1) reconstituted soil, which
provides a reference for the analysis of natural intact and lumpy soils; (2)
natural intact soil, which is the basic component of natural lumpy soils.
(3) natural lumpy soil, its behaviour are influenced by the strength of the
natural lumps and its macrostructure (rearrangement of the lumps). The
strength and compression behaviour of the natural lumpy soil and its com-
parison with those of the reconstituted soil will be analyzed in this chapter
.
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4.2 Material properties and preparation of lumpy
sample
Figure 4.1: Natural lumpy soil for triaxial tests
The soils used in this study is Hambach clay which was taken from Hambach
mine in West Germany. The basic physical properties are given in Table
4.1. For producing a reconstituted soil, the original materials were firstly
mixed with water and then sieved with a mesh opening of 0.425 mm to
exclude coarse grains from the natural soil. The produced slurries were
exposed to air for a period of time. When the water content was reduced
to 0.8 -1.0 times the liquid limit, water was added to reach the desired
water content for the oedometer and triaxial tests.
Density of particles Liquid limit Plastic limit Clay Silt Sand
g/cm3 % % % % %
2.63 62.2 31.4 50 43 7
Table 4.1: Basic physical properties of the Hambach clay
The preparation of natural lumpy soils is easier than that of artificial lumpy
soils. The only procedure is to cut a natural soil into small pieces (see Fig.
4.1). According to the test specification (DIN18137-2), the maximum grain
size of a soil should be kept smaller than 1/5 of the smallest specimen di-
mension. The lumpy specimens for oedometer tests were soaked at 2.5 kPa
and left until the settlement vanished. The stress level was then increased
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stepwise. Table 4.2 gives details of the triaxial compression tests, including
three different soil structures, different testing conditions and stress paths.
Test number Soils dqdp′ Testing conditions consolidation
stress /kPa
Rec-RWE-1 3 Drained 150
Rec-RWE-2 Reconstituted 3 Drained 200
Rec-RWE-3 3 Drained 300
Rec-RWE-4 3 Drained 450
Nat-RWE-1 — Undrained 150
Nat-RWE-2 3 Drained 200
Nat-RWE-3 Natural intact 3 Drained 300
Nat-RWE-4 3 Drained 450
Lumpy-nat-1 3 Drained 150
Lumpy-nat-2 Natural lumpy 3 Drained 200
Lumpy-nat-3 3 Drained 300
Lumpy-nat-4 3 Drained 450
Lumpy-nat-5 ∞ Drained 150
Lumpy-nat-6 Natural lumpy ∞ Drained 200
Lumpy-nat-7 ∞ Drained 300
Lumpy-nat-8 — Undrained 150
Lumpy-nat-9 Natural lumpy — Undrained 200
Lumpy-nat-10 — Undrained 300
Table 4.2: Test program
4.3 Analysis of the test results
4.3.1 Reconstituted soil
After Cotecchia and Chandler (2000), the properties of the reconstituted
soils are a frame of reference for assessing the soil structure. Series of con-
ventional drained triaxial tests were performed on the reconstituted Ham-
bach clay at different consolidation pressures (see Table 4.2). Fig. 4.2
shows the test results of the reconstituted soil, which are displayed in four
different figures: (1) s-q, (2) p
′-q, (3) s-v, and (4) v-p. The Normal Com-
pression Line and the Critical State Line are also plotted in the compression
v-p plane. Note that the Normal Compression Line is fitted based on an
oedometer test of the reconstituted soil and the Critical State Line is cal-
culated from the Modified Cam-clay model (with an elliptical yield locus
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in p′-q plane).
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Figure 4.2: Behaviour of reconstituted soil in drained triaxial test
Normal Compression Line:
ln v = N∗ − λ∗ ln p′; (N∗ = 1.09, λ∗ = 0.086) (4.1)
where p′ = 1+2K03 σv
′, σv ′ is the effective vertical stress in oedometer test.
Critical State Line:
ln v = Γ− λ∗ ln p′ (4.2)
with Γ = N∗ − (λ∗ − κ∗) ln 2 = 1.07. It can be seen in Fig. 4.2 that the
critical state points in the compression plane can be well represented by
the Modified Cam-clay model and those on p′-q plane can be approximated
by a straight Critical State Line through the origin.
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4.3.2 Natural soil
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Figure 4.3: Test results of natural intact soil in triaxial test
Fig. 4.3 shows the behaviour of the intact Hambach clay in triaxial tests.
The natural stiff samples show significant brittle shear behaviour at the
tested stress levels (confined pressures from 150 kPa to 450 kPa), which
is caused by the strain localization in vicinity of the peak strength. Af-
terwards, the deviatoric stress decreases rapidly from the peak value to a
smaller one termed as post-rupture strength (Burland, 1990). The values
of the post-rupture strength are approximately close to the Critical State
Line of the reconstituted soil.
4.3.3 Natural lumpy soil
Series of oedometer tests were conducted on the reconstituted, intact and
natural lumpy samples (see Fig. 4.4). Since the stress in the conventional
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oedometer test can not reach the yield stress of the natural intact sample,
an isotropic compression test was performed with a high pressure triaxial
cell (denoted as the red solid points in Fig. 4.4). The effective vertical
stress for the isotropic compression test was calculated from the effective
mean stress (σv
′ = 31+2K0 p
′). The vertical yield stress is 4380 kPa which
was determined from the Casagrande method. The natural lumpy sample
possesses a void ratio of 3.20, significant higher than that of the intact ones
(around 1.72), resulting from the inter-lump void between the stiff lumps.
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Figure 4.4: Oedometer or isotropic compression test on the tested soils
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Figure 4.5: Evolution of the inter-lump porosity of the tested natural lumpy
soil
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Similarly to the artificial lumpy soil, the natural lumpy sample shows a
large immediate settlement after being flooded at 2.5 kPa, which was in-
duced by the rearrangement of the lumps. With increasing stress level, the
lumpy soil shows a higher compressibility than the reconstituted soil and
the compressibility decreases until the vertical stress reaches 100 kPa. In
this stage the deformation is still controlled by the rearrangement of the
lumps which may be resulted from the distortion of the lumps (Herbstova´
and Herle, 2009). Afterwards, the slope of the compression curve is approx-
imately constant in v-ln p′ plot, however, the compressibility becomes lower
than that of its reconstituted counterpart. The evolution of the inter-lump
porosity is shown in Fig. 4.5, most of the inter-lump voids were closed at
100 kPa which is significantly lower than the yield stress of the lumps.
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Figure 4.6: Test results of natural lumpy soil in triaxial test (drained:
dq
dp′ = 3)
The properties of the natural lumpy soil in drained condition are shown in
Figs 4.6 and 4.7. The first series are conventional drained triaxial tests and
the second ones follow the constant p′ stress path. The stress-strain curves
are similar to those of the reconstituted samples, i.e., strain hardening
and volume contraction. For the increasing p′ stress path, the data in the
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compression plane (v− p′) seem to follow a line which is almost parallel to
the Normal Compression Line of the reconstituted soil. For the constant p′
stress path, the void ratio decreases and the data deviate from the Critical
State Line of the reconstituted soil.
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Figure 4.7: Test results of natural lumpy soil in triaxial test (drained:
dq
dp′ =∞)
The test data in p′ − q plane surpass the Critical State Line (M=0.82)
and the limit stress states are located above this line. As concluded in
Chapter 3, the limit stress state of the artificial lumpy soils is consistent
with the Critical State Line of the reconstituted soil. The only difference
between natural lumpy soils and the corresponding artificial lumpy soils
is the inherent soil structure within the lumps, which developed during
depositional and postdepositional processes. Therefore, the diagenetic soil
structure in the lumps may be responsible for the deviation between the
limit stress state of the natural lumpy soil and the Critical State Line of the
reconstituted soil. The shear process is companied by the ductile squashing
of the lumps which requires more energy for natural lumps.
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Figure 4.8: Test results of natural lumpy soil in triaxial test
Figs 4.8 shows the behaviour of the natural lumpy soil in undrained con-
ditions. The excess pore water pressure increases until it reaches the limit
state and the limit stress states lie above the Critical State Line of the
reconstituted soil.
4.3.4 Discussions on the shear strength of natural lumpy
soil
Fig. 4.9 summarizes the strength of the reconstituted, intact and natural
lumpy soils. Compared with the intact soil, the shear strength of the nat-
ural lumpy soil is close to that of its reconstituted counterpart, since the
shear strength of the natural lumpy material is mainly controlled by the
reconstituted soil on the surface of the lumps. Actually, they have sim-
ilar properties in many aspects, e.g., stress-strain behaviour and volume
contraction.
For comparison with artificial lumpy soils, Hvorslev equivalent pressure p′e
∗
is used for the normalization of the stress path. It is calculated as
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p′e
∗
= exp
(
N∗ − ln v
λ∗
)
(4.3)
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Figure 4.9: Limit stress points of the tested soils
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Figure 4.10: Normalized stress paths of the natural intact soil
where N∗ = 1.09, λ∗ = 0.086 are the compression parameters of the re-
constituted soil. The stress path was normalized with p′e
∗ and displayed
in p′/p′e
∗ − q′/p′e∗ relationship as shown in Fig. 4.11. In order to distin-
guish between the shear mechanisms of the natural and lumpy soils, the
normalization was also used for the natural intact soil (Fig. 4.10).
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(a) Conventional triaxial stress paths
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Figure 4.11: Normalized stress paths of the natural lumpy soil
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It can be seen that after being normalized by the Hvorslev equivalent pres-
sure, both the stress paths of the intact and natural lumpy soil cross the
State Boundary Surface of the reconstituted soil. After reaching the peak
strength, the normalized stress path of the intact soil turns back and tends
asymptotically towards the State Boundary Surface. Nevertheless, the nor-
malized limit stress states of the natural soil stay above the State Boundary
Surface.
The revised normalized Mohr-Coulomb equation (Burland, 1996) can be
fitted by the limit stress points of the reconstituted and lumpy soil:
q
p′e
∗ = 0.825
p′
p′e
∗ ; (χ
∗
e = 0.0;φ
∗
e = 21.1
◦) (4.4)
for the reconstituted soil and
q
p′e
∗ = 0.216 + 0.491
p′
p′e
∗ ; (χ
∗
e = 0.216;φ
∗
e = 13.1
◦) (4.5)
for the natural lumpy soil. For the definitions of χ∗e and φ∗e, refer to Chapter
3.
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Figure 4.12: Failure envelope for the natural lumpy soil and the reconsti-
tuted soil in the normalized stress plane
It can be seen from Fig. 4.12 that the crossing point of the fitting lines
between the reconstituted soil and natural lumpy soil is approximately close
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 67 — #73
4.4 Conclusions 67
to the critical state point (of the reconstituted soil). Fig. 4.11 indicates that
the difference between the limit stress state of the lumpy soil and critical
state of the reconstituted soil diminishes with increase of the consolidation
stress. One can expect that when the consolidation pressure is large enough,
the natural lumpy soil may behave similarly to the intact one.
After being normalized by the Hvorslev equivalent pressure linked to the
reconstituted material, the influence of the void ratio is excluded. The
factor making it different from the intact soil is the macro soil structure:
when the consolidation stress lies within very low level, the inter-lump voids
and the weak contact points are responsible for the low shear strength; The
macrovoids are gradually closed with the increasing stress level and macro
soil structure is controlled by the contacts between the lumps.
4.4 Conclusions
This chapter investigated the behaviour of a natural lumpy soil and its
comparison with the corresponding intact and reconstituted soils. Similarly
to the artificial lumpy soil, inter-lump voids are mainly closed within a
relatively small stress level (compared with the yield stress of the intact
soil), which was induced by the rearrangement of the lumps.
The limit stress states of the natural lumpy soil are located above the
Critical State Line of the reconstituted soil. Since the limit stress state
of the artificial lumpy soils is consistent with the Critical State Line of
the reconstituted soil, the diagenetic soil structure in the lumps may be
responsible for the deviation between the limit stress state of the natural
lumpy soil and the Critical State Line of the reconstituted soil.
After being normalized by the Hvorslev equivalent pressure, the fitting line
of the limit stress points of the natural lumpy soil crosses critical state point
of the reconstituted soil. The difference between the limit stress states of
the lumpy soil and the reconstituted soil diminishes with increase of the
consolidation stress.
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materials with increasing stress
level
5.1 Introduction
The structure transition in the field has a great influence on the stability
and compression behaviour of the landfills. Chapters 3 and 4 investigated
the mechanical behaviour of an artificial lumpy soil. According to the
work, the structure transition of the lumpy material can be divided into
three possible stages related to the stress level. Moreover, the remolded
soil plays a crucial role in the overall behaviour. Still, the mechanisms for
structure transitions are not well understood.
The aim of this work is to investigate the mechanisms for structure tran-
sitions of the lumpy materials and to distinguish between the deformation
mechanisms of the lumpy soils and the natural soils, being crucial for the
constitutive framework. The preparation process of a lumpy soil in the lab-
oratory reproduces qualitatively the upper layer of the landfills: the lumpy
soils are not fully saturated due to the cutting, sieving and handling. In
case of the dry lumps, the unsaturated soil on the surface of the lumps can
disintegrate fast into a reconstituted soil, which resembles the structure
processes of the natural landfill material in the field.
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5.2 Experimental investigation
5.2.1 Material properties and preparation of lumpy samples
The soil used in this study is a high plasticity clay from Guttau city (east
of Germany). The basic physical properties are given in Table 5.1. The
physical properties of other clays from literature are also listed in the table.
The material was firstly mixed with water and then sieved with a mesh with
opening of 0.425 mm to exclude the coarse grains from the natural soil.
Soil ρs wL: wP : Clay: Silt: Sand: Remarks
g/cm3 % % % % %
Guttau clay 2.63 93.5 40.9 91 6 3 This work
Dresden clay 2.70 32.6 19.4 19 71 10 [S07]
Most clay 2.68 94.0 36.0 36 58 6 [H06]
Bioley clay 2.70 28.9 15.5 64 21 15 [K05]
Table 5.1: Basic physical properties of the tested soil and soils from litera-
ture
To prepare a lumpy material, the slurry was poured into a consolidometer
and then consolidated to 100-140 kPa by gradually adding slotted weights
on the weight hanger. The duration of each load increment was 24-48
hours. After being fully consolidated, the specimen was extruded out from
the consolidometer and trimmed into a cylindrical shape with a diameter of
3.8 cm and a height of 8 cm. The sample was then put into a triaxial cell,
isotropically loaded to the effective mean stress of 1600 kPa, consolidated
for 2 days, unloaded and let to swell freely at 30 kPa for 1 day. Finally, the
soil was taken out from the triaxial cell and cut carefully into small pieces.
Test number Initial state Test condition v0 p
′
c / MPa
Lumpy-1 Fresh dry 3.95 1.60
Lumpy-2 Fresh flooded 4.08 1.60
Lumpy-3 Dry flooded 3.08 1.60
Rec-1 — — 3.29 —
Rec-2 — — 3.88 —
Rec-3 — — 4.74 —
Rec-4 — — 5.26 —
Table 5.2: Test plan and testing conditions
As can be seen in Table 5.2, three different materials were tested in the
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oedometer: the fresh lumps, the dry lumps and the reconstituted soil. The
dry lumps were exposed in the air for two days, afterwards they were dried
in an oven at 105 ◦C for 24 hours. Specimens Lumpy-1 and Lumpy-2 consist
of fresh lumps. Lumpy-3 and Lumpy-4 consist of dry lumps. v0 of the lumpy
material is the overall initial specific volume and p′c is the preconsolidation
pressure of the fresh lumps. The dry and fresh lumpy samples in Table
5.2 were prepared by free placement of the lumps in the oedometer ring
followed by a slight compaction. By this way of preparation, a sample with
high inter-lump voids, similar to the field conditions, was produced. The
lumpy specimens in flooded conditions were soaked at 2.5 kPa and left until
the settlement vanished. The stress level was then increased stepwise.
5.2.2 Test results and data from literature
The knowledge of the behaviour of reconstituted soils is necessary for the
reference framework. Fig. 5.1 shows the compression curves of the reconsti-
tuted soil at different initial water contents. It is clear that the initial water
content significantly influences the compression behaviour of the reconsti-
tuted soils. This is consistent with the test data from Hong et al. (2010).
For the specimen with lower initial water content, the stiffness decreases
significantly in the vicinity of a stress level. This apparent yield pressure
is induced by the moisture tension (Fredlund, 1964), which increases with
decrease of the initial water content.
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Figure 5.1: Compression curves of the reconstituted soil with different ini-
tial water contents
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Lumpy-1 and Lumpy-2 samples correspond to an open structure in the
upper part of the landfills, which can describe the compression behaviour
of the clayfills soon after filling. Fig. 5.2 illustrates the oedometric response
of the fresh lumpy samples in terms of the overall specific volume versus
effective vertical stress in a semilogarithmic plot. The fresh lumpy samples
behave significantly differently in dry and flooded conditions up to 100 kPa.
The Lumpy-1 specimen (dry conditions) keeps higher void ratios than the
Lumpy-2 specimen (flooded conditions). This difference can be explained
by a rearrangement of the structure due to flooding. The tested fresh
lumpy soil is not fully saturated (with a saturation degree ≈ 0.95) due to
the cutting and sieving process in a room environment. The dryer material
on the surface of the fresh lumps transforms into a reconstituted soil after
being flooded, which contributes to a gradual closure of the inter-lump voids
in a relatively small stress range. The compression curves of the Lumpy-1
and Lumpy-2 specimens tend together beyond 100 kPa due to the closure
of the inter-lump voids.
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Figure 5.2: Compression curves of the lumpy specimens in dry and flooded
conditions
The Lumpy-3 specimen illustrates the mechanism of the structure transition
of landfills composed of dry lumps. When immersing the specimen in water
at 2.5 kPa, void ratio of the specimen decreases. The dry lumps are highly
sensitive to wetting and disintegrate into a reconstituted soil after being
flooded. Consequently, this sample behaves similarly to a reconstituted
soil beyond 40 kPa. Analogous structure degradation in the field is related
to weather induced wetting-drying cycles (Kostkanova´ and Herle, 2014).
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 72 — #78
72 Structure transition of lumpy materials
When the lumps are fully saturated, they need not disintegrate when placed
in water. However, if they are initially dry, they may completely collapse
after soaking. Consequently, a significant part of the inter-lump voids of
the dry specimen become filled with a slurry. Still, the specimen remains
inhomogeneous due to a distribution of macro-voids in the slurry, see Fig.
3.18a.
Further oedometer data from the literature are also presented here, four
series of them are for lumpy soils and two other sets are for undisturbed
soils. The physical properties of other clays are listed in Table 5.1, some
details for the oedometer tests are given in Table 5.3. All the samples were
tested in flooding conditions.
Test number Soils Initial state Remarks
Ref-lumpy-1 Dresden clay Fresh Artificial soil
Ref-lumpy-2 Dresden clay Dry Artificial soil
Ref-lumpy-3 Most clay Fresh Natural soil
Ref-lumpy-4 Bioley clay Dry Natural soil
Ref-undisturbed-1 Leda clay Fresh Natural soil
Ref-undisturbed-2 Rigaud clay Fresh Natural soil
Table 5.3: Details of the oedometer tests from the literatures
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Figure 5.3: Oedometer results of two natural clays from literature
Figure 5.3 shows the compression curves of two natural clays with a meta-
stable structure from the literature (Rigaud clay, Silvestri, 1984 and Leda
clay, Yong and Nagaraji, 1977). It may seem that the response is qualita-
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tively similar to that of the lumpy soil. Hence, several models were proposed
based on this similarity (Masin et al., 2005 and Najser et al., 2012). How-
ever, it will be shown in the next section that substantial differences arise
when comparing the evolution of the compressibility.
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Figure 5.4: Compression curves of three lumpy soils from literature
Fig. 5.4 shows the compression data of four additional lumpy soils published
elsewhere (Koliji et al., 2009; Herbstova´ and Herle, 2009; Shi and Herle,
2014) – two are fresh (artificial and natural, respectively) and two are
dry (artificial and natural, respectively). All the specimens were tested in
flooded conditions. The preparation of the artificial lumpy soil was identical
to that of the specimens in this chapter, however, the preconsolidation
pressure of the fresh lumps was higher (4 MPa). The fresh lumpy soil
(natural) originated from clayfills in North-Western Bohemia, the fresh
lumps experienced a previous in-situ vertical pressure of 2.5 MPa - 3.5
MPa.
5.2.3 Structure transition of the lumpy material in oedome-
ter test
Based on a series of oedometer tests on three reconstituted clays with dif-
ferent initial water contents, an alternative concept for the description of
the compression behaviour using an intrinsic void ratio has been proposed
by Hong (2012). For normally consolidated reconstituted clays, the void
ratio extrapolated to the effective vertical stress of 1 kPa, named e1, can be
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used as an index taking into account the combined effect of both the liquid
limit and the initial water content on compressibility. Following Burland
(1990), C∗c , defined as the void ratio difference between 100 kPa and 1000
kPa of the reconstituted soils, can be expressed as a function of e1 by a
unique line (Hong, 2012):
C∗c = 0.183e1 − 0.0021e12 (5.1)
Figure 5.5: Schematic plot for the determination of the compression index
Cc from the states A and B (structured soil) and the intrinsic compression
index C∗c (reconstituted soil) together with the void ratios e1, e100 and e1000
(specific volume v = 1 + e)
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Figure 5.6: Comparison between the tests of the reconstituted soil and Eq.
(5.1)
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In the sequel, Cc is used as a common compression index. Note that Cc
is different from the intrinsic compression index C∗c , since Cc depends on
the consolidation stress due to the structure degradation. Fig. 5.5 shows a
schematic plot summarizing the determination of the compression index Cc
and intrinsic void ratios for structured soils. The values can be calculated
from two neighbouring points A and B. Supposing a linear relationship be-
tween ln v and ln p (Butterfield, 1979) with v = 1+e being specific volume,
e1, e100 and e1000, respectively, can be determined from the extrapolation
of the straight line to the corresponding pressures.
The test results for the reconstituted soil in Fig. 5.1 are compared with Eq.
(5.1) in Figure 5.6. It can be seen that the measured values are consistent
with Eq. (5.1). For simplicity, the notion ’Intrinsic line’ will be used for
this line in the sequel. As a characteristic line for the K0 compression, it
can help as a reference framework for the interpretation of the compression
behaviour of natural and other structured soils.
Figure 5.7: Schematic plot for the interpretation of the compression curves
of fresh lumpy soils
Figs 5.7 and 5.8 show idealized compression curves of two structured soils (a
fresh lumpy soil and a natural soil ) and a schematic interpretation of their
structure transition related to the Intrinsic line. The compression curve of a
fresh lumpy soil (Fig. 5.7) lies initially above the Intrinsic line (A-B and B-
C) before the compressibility approaches one of the normally consolidated
soil (C-D). The most inter-lump voids vanish beyond the point D. A higher
soil density of the lumps pushes the soil state below the reconstituted one.
Simultaneously, the overconsolidated lumps make overall behaviour stiffer
than that of the reconstituted soil (from C to the F). It can be expected that
after surpassing the lowest compressibility (D-E), the compression curve
becomes softer in terms of Cc and tends asymptotically towards the Intrinsic
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line. When the load reaches the preconsolidation stress of the soil within
the lumps (F), the whole soil volume becomes normally consolidated and
its state remains on the Intrinsic line for further loading.
Figure 5.8: Schematic plot for the interpretation of the compression curves
of natural soils
The structure degradation of natural clays (Fig. 5.8) is qualitatively dif-
ferent from that of the fresh lumpy soils. The compression curve is located
above the one for reconstituted soil and the data in the e1-Cc diagram
lie below the Intrinsic line. Compressibility increases gradually with the
vertical stress (pre-yield regime: A-B and B-C) until the soil reaches its
maximum compressibility (C-D). Afterwards, e1 and Cc decrease and tend
towards the Intrinsic line (transitional regime: D-E and E-F). The soil
becomes completely destructured and finally reaches the Intrinsic line.
Figure 5.9: Interpretation of the structure transition of the lumpy clay in
oedometer tests using e1 - Cc plot
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Applying the outlined method, Figs 5.9 and 5.10 present the interpretation
of the oedometer results of natural soil and lumpy soil in e1 - Cc plot .
The experimental data fit very well to the interpretation shown in Figs 5.7
and 5.8. One can immediately recognize the difference between the lumpy
and the natural soil with meta stable structure, which is not immediately
obvious from the analysis of the compression diagrams. It should be noted
that the maximum vertical stresses of the lumpy soils (see also Fig. 5.4)
do not reach the preconsolidation (in-situ) pressure, therefore the overall
behaviour does not arrive to the normally consolidated state.
Figure 5.10: Interpretation of the structure transition from compression
curves of natural soils
The compression curves of the dry lumpy soil in Figs 5.2 and 5.4 are also
similar to those of the natural clays in Figure 5.3. However, their structural
response is significantly different.
Figure 5.11: Schematic plot for the interpretation of the compression curves
of a dry lumpy material
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Figs 5.11 show an idealized compression curve of a dry lumpy soil in flooded
conditions and a corresponding interpretation of its structure transition
related to the Intrinsic line. After being flooded at 2.5 kPa, the soil response
reveals a yield stress, which is similar to that of a reconstituted soil with
a low initial water content. Hence, the compression data of the flooded
dry lumpy soil are located blew the Intrinsic line (A-B and B-C) before
they reach that yield stress. Subsequently, the compressibility increases
with the rising vertical stress due to the decrease of macro-voids (see Fig.
3.18(a)). Correspondingly, the e1 - Cc data arrive above the Intrinsic line.
Finally, the soil becomes homogeneous and its state reaches the Intrinsic
line. When the real test data are plotted in e1 - Cc plot, this interpretation
is recovered and significant differences arise to other soil types (Fig. 5.12).
Note that the initial state of the dry natural lumpy soil (Ref-lumpy-4) lies
above the Intrinsic line, suggesting no yield stress. This is the consequence
of the calculation of Cc between 1.1 kPa to 15 kPa (see Fig. 5.4, the data
between these two stresses are missing). One can assume that in reality Cc
is much lower at the beginning of the test.
Figure 5.12: Interpretation of the structure transition of dry lumpy soils in
oedometer tests using e1 - Cc plot
5.2.4 Evolution of inter-lump voids of fresh lumpy soils
A lumpy soil is characterized by two distinct porosities (Hollinderbaeumer
and Kraemer, 1994; Boha´cˇ et al., 2003): the inter-lump voids and intra-
lump voids. As investigated in the last section, the inter-lump void ratio
is a controlling parameter for the structure transition of lumpy soils. The
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macro-voids can accelerate the velocity of water flow, which can contribute
to the structure transition. In this section, an evolution of the inter-lump
porosity will be analyzed within the homogenization framework.
The voids within intact lumps have a local intra-lump porosity, ni =
Vi
Vi+Vs
(Vi and Vs are the volumes of voids and solid phase in the lumps, respec-
tively). The inter-lump porosity is ne =
Ve
Vt
(Ve being the volume of the
inter-lump voids and Vt the total volume of the soil). After Feda (1998),
the total porosity, nt , can be expressed as
nt = ni(1− ne) + ne (5.2)
The inter-lump porosity can be deduced from Eq. (5.2):
ne =
nt − ni
1− ni (5.3)
Eq. (5.3) will be used in the sequel to evaluate the inter-lump porosity with
increasing consolidation stress. nt and ni are related to the corresponding
specific volumes:
nt =
vt − 1
vt
; ni =
vi − 1
vi
(5.4)
where vt denotes the overall specific volume, vi represent the specific volume
of the lumps.
Now, if we consider a representative volume Vt, the volume average vertical
stress σ¯′v can be defined as the average of the pointwise stress σ′v(x ) over
the representative volume:
σ¯′v =
1
Vt
∫
Vt
σ′v(x )dV (5.5)
Analogously, the volume-average stress (σ¯′v,i) of the lumps can be defined
as
σ¯′v,i =
1
Vi + Vs
∫
Vi+Vs
σ′v,i(x )dV (5.6)
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The relationship between the overall volume-average stress and that of the
lumps is related to the inter-lump porosity ne:
σ¯′v = (1− ne)σ¯′v,i (5.7)
The equation published by Butterfield (1979) is employed here as a com-
pression model for the lumps. The material idealization of the compression
behaviour of a lumpy soil is illustrated in Fig. 5.13. In this figure, vy,i and
σ¯′y,i are the specific volume and the vertical stress at the preconsolidation
stress 1 of the lumps, respectively. The compression behaviour of the lumps
can be divided into two regimes:
Figure 5.13: Schematic plot for the compression model of the lumps
overconsolidated regime:
ln vi = vy,i + κ(ln σ¯
′
y,i − ln σ¯′v,i) (5.8)
normally consolidated regime:
ln vi = N − λ ln σ¯′v,i (5.9)
Eqs (5.3), (5.4), (5.7)-(5.9), together with the test data of the lumpy soils,
one can compute an evolution of the inter-lump porosity of a lumpy soil
with increasing consolidation stress.
1This preconsolidation pressure corresponds to the maximum geological geostatic pres-
sure of the soil before being excavated and disintegrated into lumps. This pressure can
also include creep effects from the geology history.
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In this model, the deformation of the lumps is supposed to be fully reversible
within a loading cycle. Consequently, when the local stress in the lumps
reaches the preconsolidation pressure, the recompression curve approaches
the normal compression line simultaneously. In reality, a higher stress is
needed to reach the normal compression line again (see Fig. 5.14). This
(the green area in Fig. 5.14) produces negative values of the inter-lump
porosity (Fig. 5.15).
Figure 5.14: Schematic figure for the interpretation of the negative inter-
lump porosity of the fresh lumpy soil
Test number N λ κ σ¯′y,i / MPa p¯
′
c / MPa φ
′ / ◦
Lumpy-1 and Lumpy-2 1.45 0.107 0.037 2.0 1.6 18.5
Ref-lumpy-1 0.65 0.036 0.005 6.3 4.0 33.4
Table 5.4: Model parameters for the calculation of the inter-lump porosity
of lumpy soils
Two oedometer tests of the fresh lumpy soil (the Lumpy-1, Lumpy-2 spec-
imens) and the data from Shi and Herle (2014) are analyzed, the corre-
sponding model parameters are listed in Table 5.4. φc is the effective fric-
tion angle, σ¯′y,i was calculated from the preconsolidation pressure of the
lumps: σ¯′y,i = 3p¯
′
c/(1 + 2K0), K0 = 1 − sinφc is the coefficient of earth
pressure at rest. Fig. 5.15 shows the evolution of the inter-lump poros-
ity with increasing average vertical stress. The initial soaking induced a
significant decrease of the inter-lump porosity (approximately 0.15), most
inter-lump voids disappear within a low stress range (less than 100 kPa).
This can explain why the fresh lumpy soil behaves as an overconsolidated
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soil beyond 100 kPa.
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Figure 5.15: Decrease of the inter-lump porosity of the fresh lumpy soil
with increasing vertical stress
5.3 Interpretation of the structure transition of
clayfills in the field
The clayfills formed by the displaced lumps in an open-pit mining can reach
a height of several tens of meters. They can be divided into two zones
according to their structure (see Fig. 5.16). (1) Surface zone: the clayfills
have a relatively loose structure in this zone, therefore they are significantly
affected by the weathering factors. (2) Core zone: with increasing depth,
the inter-lump voids may decrease due to the rearrangement of the lumps
and a new compacted structure without macrovoids is created.
As discussed above, the compression curve of the fresh lumpy soil can be
divided into three possible regimes according to the compressibility in e1
- Cc plot. This supports the research results after Shi and Herle (2014).
In the first regime, the clayfills have a relatively loose structure, which
corresponds to the surface zone of the landfills. With the increasing stress
level, the state of the clayfills comes into the second regime, corresponding
to the core zone in Fig. 5.16. The thickness of the surface zone is denoted
’Critical depth’. The state at the bottom of the surface zone corresponds to
the lowest compressibility (e.g. point D-E in Fig. 5.7). It can be estimated
from the compressibility and the density of the clayfills.
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Figure 5.16: Structure transition of a clayfill in the field
In the surface zone, the structure of the clayfill is not stable due to the
weather influenced suction cycles (Kostkanova´ et al., 2014). The lumps in
this zone get dry in the arid season due to the access of air. After being
flooded, they may partially disintegrate into a reconstituted soil in a short
time. As a result, the shear strength is relatively low, being comparable to
the undrained shear strength of a reconstituted soil. Such a low strength
can not keep the permanent stability of the clayfills and landslides may
take place.
Figure 5.17: Final shape of a landfill in the field
As investigated by Shi and Herle (2014), the strength of the landfills in
the core zone is located on the Critical State Line of the reconstituted
soil. Therefore, the angle of repose in this zone corresponds to the effective
friction angle of the the normally consolidated reconstituted soil (see Fig.
5.17). If the volume of a landfill is assumed to be constant, one can get a
rough estimation for the final repose angle of the clayfill, which is related
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to its long term stability.
5.4 Conclusions
The structure transition of lumpy materials was investigated using an In-
trinsic line concept (Burland, 1990; Hong, et al., 2012). The differences
between the lumpy soils and natural soils were discussed. In spite of an
apparent similarity between the compression curves of natural and lumpy
soils, significant differences in their structural behaviour could be identified.
The following observations can be drawn using the data representation in
e1 - Cc diagrams:
(1) The initial compression data of a fresh lumpy soil lie above the Intrinsic
line due to a substantial closure of the inter-lump voids at a low stress range
(within 100 kPa). The compression index decreases due to a reduction of
the inter-lump voids. When the stress in the lumps reaches the preconsol-
idation stress, the whole soil volume becomes normally consolidated.
(2) The initial data of a flooded dry lumpy soil are located below the
Intrinsic line before they reach an apparent yield stress. The compressibility
increases with the vertical stress afterwards due to the reduction of macro-
voids and the data are shifted above the Intrinsic line. Finally, the soil
becomes homogeneous and its state remains on the Intrinsic line.
(3) The natural soil with a meta-stable structure behaves significantly dif-
ferently from the lumpy soils. Initially, the compression index increases
with the vertical stress until the soil reaches its maximum compressibility.
However, all the data lie below or on the Intrinsic line. The compression
index decreases afterwards and tends towards the one of the Intrinsic line.
(4) The landfills in the field are divided into two zones according to their
structure, the structure transition due to the weathering factors is then
discussed. It provides not only an interpretation for the structure transition
but also gives a method for the estimation of the final repose angle of the
landfills.
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6 Laboratory investigation of
two basic configurations for
inhomogeneous soils
6.1 Introduction
The initial structure of the freshly desposited clayfills is granular with the
absence of a reconstituted soil in the inter-lump voids. The mechanical
behaviour of the lumps, and hence of landfills, depends on the properties
and the state of the original soils. After a reasonable time from filling,
mainly due to the influence of climate, the original clayey landfills with
a high inter-lump porosity tend to become relatively homogeneous at the
macro scale. The inter-lump voids are filled with reconstituted soil, as
shown in Fig. 6.1, therefore the stiffness and strength are not controlled
purely by the state of the original soil (stiff lumps) any more.
There are two basic models to describe the mechanical behaviour of inho-
mogeneous materials. The first one with a parallel structure (Fig. 6.1 right
bottom) which gives the upper bound of the stiffness, and the second one
with a series structure (Fig. 6.1 right top), which corresponds to the lower
bound. For the lumpy materials, the lumps are randomly distributed in
the reconstituted soil. In a simplified manner, the structure is composed of
both parallel and series structures at different orientations. Therefore, the
understanding of these two basic models can help as a reference framework
for the assessment of the mechanical behaviour of lumpy soils.
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Figure 6.1: Simplified structure of a clayfill material after long time of
filling
Two inhomogeneous artificial specimens, one with the series structure and
the other one with the parallel structure, are investigated in this chap-
ter. Two topics will be addressed here: (1) the stress-strain behaviour of
inhomogeneous soils and their comparison with their homogeneous coun-
terparts; (2) the stress and strain distributions in the specimens with the
parallel and series structures, respectively.
6.2 Materials and sample preparation
The soils used in this study are a high plasticity clay (ClayA) and a silty
clay (ClayB). The basic physical properties are given in Table 6.1. The
materials were first mixed with water and then sieved through a mesh with
diameter of 0.425 mm to exclude coarse grains from the natural soil.
Soils ρs,i: Liquid limit: Plastic limit: Clay: Silt: Sand: Gravel:
g/cm3 % % % % % %
ClayA 2.63 93.5 40.9 90.9 6.2 3.0 0
ClayB 2.70 33.8 19.6 18.3 69.8 9.8 2.2
Table 6.1: Basic physical properties of the reconstituted clays
After being mixed with water, the slurry for the homogeneous specimens
was poured into a consolidometer (with the diameter of 3.8 cm), then con-
solidated to 92 kPa by gradually adding slotted weights on the weight
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hanger. The duration of each load increment was 24-48 hours. After full
consolidation, the specimens were extruded from the consolidometer and
trimmed to 7-8 cm in height.
The preparation of the series specimens was similar to that of homogeneous
soils. The slurry of ClayA was poured into a consolidometer (with the di-
ameter of 3.8 cm) and then consolidated to 25 kPa. When the consolidation
under 25 kPa was completed, the slurry of ClayB was poured into the con-
solidometer. The vertical stress was then subsequently increased to 92-140
kPa.
Figure 6.2: Preparation of the parallel specimens
The preparation of the parallel specimens started by reconstitution of the
soil and its consolidation in a large consolidometer (diameter = 14 cm).
The slurry of ClayA was poured there first. In order to create a tight
interface between the two clays, ClayA was initially consolidated separately
to 20-25 kPa. This pressure is a crucial parameter and it had to be carefully
investigated in advance. If the value is too low, the two clays may penetrate
into each other, if it is to high, it is not possible to get a tight connection
at the interface. Afterwards, the slurry of ClayB was placed above ClayA.
The vertical stresses increased then to 80-120 kPa. After full consolidation,
the sample was extruded from the consolidometer and the specimens were
cut with a thin-wall tube. The procedure is shown in Fig. 6.2.
The specimens were finally placed into a triaxial cell and isotropically con-
solidated to the desired effective mean pressures. The compression tests
were performed in drained conditions. The displacement rates, the spec-
imen dimensions and the initial void ratios are summarized in Table 6.2.
After the test, the specimens were taken out from the triaxial cell and
the details of the shear plane were photographed (Figs 6.6, 6.19 and 6.21).
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Finally, the inhomogeneous specimens were split into two parts along the
interface and dried in the oven for 24 hours to determine the dry unit
weights.
Figure 6.3: Parallel and series specimens
Test number Size Initial viod ratio σ′c loading velocity
/ cm * cm ClayA ClayB Total / kPa / mm/min
ClayA-1 7.59 * 3.80 1.72 — 1.72 150 0.003
ClayA-2 7.25 * 3.78 1.97 — 1.97 200 0.003
ClayA-3 7.19 * 3.76 1.78 — 1.78 300 0.003
ClayA-4 7.76 * 3.78 1.89 — 1.89 450 0.003
ClayB-1 7.79 * 3.82 — 0.71 0.71 150 0.005
ClayB-2 7.10 * 3.80 — 0.75 0.75 200 0.005
ClayB-3-1 7.56 * 3.75 — 0.75 0.75 300 0.003
ClayB-3-2 7.46 * 3.75 — 0.78 0.78 300 0.005
ClayB-4 7.83 * 3.76 — 0.76 0.76 450 0.005
Series-1 7.58 * 3.80 1.99 0.75 1.16 150 0.003
Series-2 8.37 * 3.61 1.79 0.74 1.17 200 0.003
Series-3 7.57 * 3.80 1.99 0.75 1.14 300 0.003
Series-4 7.52 * 3.80 1.99 0.75 1.19 450 0.003
Parallel-1 7.41 * 3.80 1.75 0.74 1.07 150 0.003
Parallel-2 7.29 * 3.80 1.65 0.72 1.02 200 0.003
Parallel-3-1 7.52 * 3.80 1.75 0.74 1.12 300 0.003
Parallel-3-2 7.40 * 3.80 1.65 0.72 0.91 300 0.003
Parallel-4-1 6.42 * 3.80 1.84 0.77 1.02 450 0.003
Parallel-4-2 6.48 * 3.80 1.84 0.77 1.05 450 0.003
Table 6.2: Initial void ratio and size of the specimens
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The initial void ratios of the inhomogeneous specimens in Table 6.2 can be
calculated from the overall water content and particle densities of ClayA
and ClayB. According to its definition, the overall initial void ratio is the
ratio between the volume of voids and that of solids. After some algebraic
manipulation, it can be expressed as
e =
ρs,Aρs,B(mw,A +mw,B)
ρs,A((1− fm) + ρs,Bfm)(ms,A +ms,B) (6.1)
where ρs,A and ρs,B are the particle densities of ClayA and ClayB, respec-
tively, fm is the ratio between the dry weight of ClayA and the one of the
whole inhomogeneous specimen, see also in Table 6.3, mw,A and mw,B are
the masses of water in the constituents, ms,A and ms,B are the dry masses
in the constituents. Actually, the overall density of soil particles can be
derived as
ρs =
ρs,Aρs,B
ρs,A(1− fm) + ρs,Bfm (6.2)
Eq (6.2) is consistent with the first item on the right hand side of Eq (6.1).
In Table 6.3, fv,i is the volume fraction of the constituents in the inhomo-
geneous specimen which can be expressed as
fv,i =
Vi
VA + VB
;Vi =
ms,i(ρs,iwi + ρw)
ρs,iρw
(6.3)
where Vi(i = A,B) is the volume of the constituents, ρw = 1g/cm
3 is
density of water, ms,i is dry mass of a constituent in the inhomogeneous
specimens and wi is the initial or final water content of the constituent,
respectively.
For the conventional triaxial stress tests in this chapter, the effective mean
stress p′ and deviatoric stress q are defined as
p′ =
σ′1 + 2σ′3
3
; q = σ′1 − σ′3 (6.4)
and the corresponding volumetric v and deviatoric s strains
v = 1 + 23; s =
2(1 − 3)
3
(6.5)
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where σ′1 (or 1) and σ′3 (or 3) are the axial and radial effective stress
(strain), respectively.
Test number Mass fraction Volume fractions fv,A ρs
fm/% Initial / % Final /% / g/cm
3
Series-1 33.1 46.7 42.3 2.67
Series-2 42.4 53.7 51.3 2.67
Series-3 31.2 44.5 39.2 2.68
Series-4 35.2 49.0 43.5 2.67
Parallel-1 31.9 43.1 42.1 2.69
Parallel-2 31.6 42.2 40.8 2.67
Parallel-3-1 36.7 48.4 46.7 2.67
Parallel-3-2 19.9 28.1 26.7 2.68
Parallel-4-1 23.3 33.3 31.6 2.68
Parallel-4-2 25.8 36.4 34.0 2.68
Table 6.3: Initial void ratio and size of the specimens
6.3 Homogeneous soil
0
50
100
150
200
250
300
350
400
0 2 4 6 8 10 12 14 16
D
ev
ia
to
ric
 s
tre
ss
 /k
Pa
Deviatoric strain /%
ClayA-1
ClayA-2
ClayA-3
ClayA-4
0
1
2
3
4
5
6
0 2 4 6 8 10 12 14 16
Vo
lu
m
et
ric
 s
tra
in
 /%
Deviatoric strain /%
ClayA-1
ClayA-2
ClayA-3
ClayA-4
Figure 6.4: Stress-strain curves of ClayA at different effective cell pressures
The properties of the reconstituted soils are usually a frame of reference for
interpreting the soil behaviour in different states. In order to investigate the
stress-strain behaviour of the reconstituted ClayA and ClayB, conventional
triaxial tests were conducted at the consolidation stresses from 150 kPa to
450 kPa (see Table 6.2). As shown in Fig. 6.5, the stress-strain curve of
ClayB-3-1 (loading velocity = 0.003 mm/min) is nearly identical to that
of ClayB-3-2 (loading velocity = 0.005 mm/min), which indicates that the
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behaviour of ClayB is not sensitive to the loading velocity within this range
and the results are reproducible.
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Figure 6.5: Stress-strain curves of ClayB at different effective cell pressures
It can be seen in Figs 6.4 and 6.5 that stiffness and strength of ClayB are
significantly higher than those of ClayA at the same consolidation pressure.
The stress-strain curves of ClayA show softening behaviour at deviatoric
strains exceeding 10% to 12%, while ClayB still shows strain hardening
beyond 12% of deviatoric strain. The volumetric deformation of ClayA is
not substantially sensitive to the consolidation stress.
Figure 6.6: The specimens of ClayA after tests: from left to right - ClayA-1,
ClayA-2, ClayA-3, ClayA-4
As shown in Figs 6.6, the deformation behaviour become localized in a shear
zone after reaching the softening part of the stress-strain curves. However,
there is a shift in the volumetric response of ClayB between 200 kPa and
300 kPa. The samples were initially preconsolidated to approximately 100
kPa in K0 stress state. The subsequent isotropic reloading in the triaxial
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cell at low stress levels (150 and 200 kPa) may not significantly change
the initial fabric of the specimens. Hence, the volumetric strain curves are
relatively close to each other.
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Figure 6.7: E50 versus consolidation stress for homogeneous specimens
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Figure 6.8: Maximum stress ratio (q/p′)max and maximum deviatoric stress,
respectively, versus consolidation stress and mean stress, respectively, for
homogeneous specimens
The stiffness at the half value of the maximum deviatoric stress increases
with the consolidation stress approximately linearly as shown in Fig. 6.7.
Fig. 6.8 shows the strength envelopes in the p′-q stress plane and their
changes with the consolidation stress, respectively. (q/p′)max decreases
with the consolidation stress and the limit stress condition is thus curved
in the p′-q plane. Since the maximum deviatoric stress corresponds to
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the vanishing volumetric rate, it is assumed in the sequel that this state
coincides with the critical state.
Figs 6.9 and 6.10 present the Normal Compression Line and the Critical
State Line as relationships between specific volume v and mean effective
stress p′. The points on the NCL were obtained from the state of the triaxial
specimens after consolidation. They are located close to the compression
lines obtained from the oedometer compression on reconstituted samples.
Both the Normal Compression Line and the Critical State Line can be
expressed in ln v-ln p′ plot (Butterfield, 1979) with the following equations:
ClayA
NCL : ln v = 1.43− 0.11 ln(p′/p0) (6.6)
CSL : ln v = 1.41− 0.11 ln(p′/p0) (6.7)
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Figure 6.9: Critical state line on compression plane for ClayA
ClayB
NCL : ln v = 0.65− 0.039 ln(p′/p0) (6.8)
CSL : ln v = 0.63− 0.039 ln(p′/p0) (6.9)
where p0=1 kPa is the reference stress.
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Figure 6.10: Critical state line on compression plane for ClayB
6.4 Inhomogeneous samples
In the primary evaluation of the results, the stresses and strains within the
specimen were calculated regardless of the inhomogeneity. Thus, the spec-
imens were considered as soil elements. Figs 6.11-6.12 present the stress-
strain curves and the volumetric curves of the inhomogeneous specimens in
standard triaxial compression.
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Figure 6.11: Stress-strain relationships of the series specimens
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Figure 6.12: Stress-strain relationships of the parallel specimens
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Figure 6.13: E50 versus consolidation stress for inhomogeneous specimens
The stress-strain curves of the series specimens show softening behaviour at
relatively small deviatoric strains (6% to 8%). The parallel specimens show
also a slight softening, although at higher strains. This effect tends to be
more significant with an increase of the consolidation stress. The volumetric
strain curves of the parallel specimens are sensitive to the consolidation
pressures, which could not be observed for the series specimens.
Similarly to the homogeneous soils, the secant stiffness E50 increases with
the consolidation stress (Fig. 6.13). The maximum stress ratio (q/p′)max of
the series specimens (Fig. 6.14) decreases with the effective consolidation
stress and thus the limit stress envelope is curved in the p′-q plane. The
stress dependence of the maximum stress ratio of the parallel specimens is
not much pronounced although a similar tendency can be also recognized.
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The relationship between the specific volume v and the mean effective stress
p′ is shown in Fig. 6.15. Different volume fractions of constituents (Table
6.3) may be responsible for the scattering of the critical state points in the
p′-q and ln v-ln p′ planes. Different patterns of the shear localization may
contribute to this difference (see Figs 6.19 and 6.21).
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Figure 6.14: Stress in the critical state for inhomogeneous specimens
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6.5 Comparison between inhomogeneous and ho-
mogeneous samples
A comparison of the homogeneous and the inhomogeneous samples in form
of stress-strain and volumetric strain curves at 150 kPa is shown in Fig.
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6.16. As expected, the curves of the inhomogeneous specimens are located
between those of the homogeneous ones.
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Figure 6.16: Comparison of the stress-strain curves of the homogeneous
and of the inhomogeneous specimens at 150 kPa
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Figure 6.17: v,max versus effective consolidation pressure
Figs 6.17 presents the relationship between the maximum volumetric strain
v,max and the effective consolidation stress. The maximum volumetric
strain of the series specimens is approximately constant, which is similar
to ClayA specimens. The volumetric behaviour of the parallel specimens
is more sensitive to the consolidation stress, showing a similar tendency to
ClayB specimens.
The critical state points of both the homogeneous and the inhomogeneous
specimens are shown in Figs 6.18. The shear strength of the series specimen
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is only slightly higher than that of ClayA specimen, while the strength of
the parallel specimen lies close to the one of ClayB. The specific volume of
the inhomogeneous specimens at critical state is also located between that
of ClayA and ClayB.
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Figure 6.18: Critical state of inhomogeneous specimens
Figs 6.19 and 6.21 show the shear localization of the series and the parallel
specimens, respectively. The failure plane of the series specimens remains
in the weaker ClayA section, indicating that ClayA controls fully the shear
strength of the series specimens. Hence, one could expect that the shear
strength of the series specimens is close to that of the ClayA. However, this
is not the case as shown in Fig. 6.18.
Figure 6.19: The shear zones of the series specimens: from left to right -
Series-1, Series-2, Series-3, Series-4 (see Table 3)
Two factors can contribute to this difference: (1) Formation of the shear
plane, which is restricted to the ClayA section of the series specimen. (2)
Nonuniform deformation of the specimen: the compressibility of the ClayA
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is higher than that of the ClayB. Therefore, the cross-section is not uniform
during consolidation and triaxial compression. The modified maximum de-
viatoric stress in ClayA is shown in Fig. 6.20 (see Appendix for details).
The modified data are herewith relatively close to those of the series spec-
imens.
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Figure 6.20: The deviatoric stress in ClayA when considering different fac-
tors influencing the nonuniform deformation (see Appendix)
Figure 6.21: The shear zones of the parallel specimens: from left to right -
Parallel-1, Parallel-2, Parallel-3-1, Parallel-3-2, Parallel-4-1, Parallel-4-2
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The shear zones of the parallel specimens are different from the series ones
since they cross both parts of the specimens. Consequently, the behaviour
of the parallel specimens depends on the properties of both soils. Since the
shear strength of ClayB is higher than that of ClayA, the shear strength of
the parallel specimens decreases with the increase of the volume fraction of
ClayA.
6.6 Numerical homogenization
For the inhomogeneous soils, the stiffness is the highest when the con-
stituents are arranged in parallel to direction of the deformation, and it is
the lowest when the constituents are in series with respect to the deforma-
tion (see Fig. 6.22). The overall stiffness of the inhomogeneous soils in the
parallel (Ep) and the series (Es) configurations can be calculated from the
following equations:
Figure 6.22: Parallel model and Series model
The parallel configuration - Voigt model (Voigt, 1928):
Ep = (1− fv,B)EA + fv,BEB (6.10)
The series configuration - Reuss model (Reuss, 1929):
1
Es
=
1− fv,B
EA
+
fv,B
EB
(6.11)
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where EA and EB are the stiffnesses of ClayA and ClayB, respectively, and
fv,B is the volume fraction of ClayB in the parallel or in the inhomogeneous
specimens.
For inhomogeneous soils with general configurations, the overall stiffness
lies between the series model and the parallel model. It can be expressed
as a function of the stiffnesses of the constituents with help of the stress
or strain concentration ratio introduced by Hill (1963). The stress (strain)
concentration ratio is defined as the ratio between the average stress (strain)
of each constituent and the corresponding average value in the inhomoge-
neous material. Assuming that the local stress and strain in each con-
stituent are uniform, the equations of the stress and strain concentration
ratios (µ,i and µσ,i) are:
a,i = µ,ia (6.12)
qi = µσ,iq (6.13)
a,i (qi) and a (q) are average axial strain (deviatoric stress) for a con-
stituent and for the overall inhomogeneous sample.
Strain or stress concentration ratio can be used for the stiffness of the inho-
mogeneous soils with the volume fraction of ClayB fv,B (stiffer constituent).
More precisely:
E = EA + fv,Bµ,B(EB − EA) (6.14)
C = CA + fv,Bµσ,B(CB − CA) (6.15)
where E (C), EA (CA) and EB (CB) are average stiffnesses (compliances)
for the inhomogeneous specimen with the constituents ClayA and ClayB.
Alternatively, strain or stress concentration ratio, µ∗,B = a,B/a,A or
µ∗σ,B = qB/qA, can be expressed as the function of µ,B or µσ,B:
µ∗,B =
µ,B − µ,Bfv,B
1− µ,Bfv,B (6.16)
µ∗σ,B =
µσ,B − µσ,Bfv,B
1− µσ,Bfv,B (6.17)
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Figure 6.23: Schematic plot for the determination of the secant stiffness
The secant stiffness is used in this study according to the definition in Fig.
6.23. Figs 6.24 - 6.27 show the evaluation of the compliances with the axial
strain for the parallel specimens and their homogeneous counterparts (the
details of the tests are given in Table 2). The points in these figures cor-
respond to the tested data and the ideal parallel model (with solid lines)
refers to Eq. (6.10). The evolution of the secant compliance of the speci-
mens can be divided into three regimes: the first regime corresponds to a
relatively small strain range. It increases nonlinearly with increasing strain
amplitude; the second one is the intermediate strain range where the com-
pliance increases linearly with the axial strain. The last regime corresponds
to the strain range beyond the failure point.
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Figure 6.24: Relationship between compliance and axial strain: 150kPa
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Figure 6.25: Relationship between compliance and axial strain: 200kPa
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Figure 6.26: Relationship between compliance and axial strain: 300kPa (1)
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Figure 6.27: Relationship between compliance and axial strain: 450kPa (1)
The compliance curves of the parallel specimens in Figs 6.24-6.27 lie be-
tween those of ClayA and ClayB. If we focus on the intermediate strain
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range, the compliance of the homogenized specimens can be approximated
by a linear function of the axial strain (C = a+ ba), as presented in Table
6.4. One can relate the parameters (a and b) to the effective consolidation
pressure ((see Fig. 6.28)):
aA = 5.44
(
σ′3/p0
)−0.62
; bA = 2.23
(
σ′3/pa
)−0.78
(6.18)
aB = 1.33
(
σ′3/p0
)−0.52
; bB = 2.26
(
σ′3/pa
)−0.97
(6.19)
Where aA (bA) and aB (bB) are the parameters for ClayA and ClayB, re-
spectively. With Eqs (6.10), (6.18) and (6.19), one can determine the com-
pliance of the (ideal) parallel model within the intermediate strain regime.
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Figure 6.28: Relationship between the parameters (a and b) and the stress
level
Figure 6.29: Schematic plot for the determination of the stiffness in parallel
model (see also Eq. (6.10))
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In the parallel specimens, the axial strain is uniform. With help of the
volume fraction of ClayB, one can estimate the stress concentration ratio
µσ,B from Eq. (6.15), where Cp , CA and CB are secant compliances at the
same axial strain. They can be calculated from the tested data as shown in
Fig. 6.29 (Ci = 1/Ei). Finally, the stress concentration ratio µ
∗
σ,B = qB/qA
used in the sequel can be calculated from Eq. (6.17).
Figs 6.30 and 6.31 show the calculated compliance ratio CA/CB and the
stress concentration ratio µ∗σ,B = qB/qA in the parallel specimens at differ-
ent consolidation stress. The compliance ratio increases slightly with the
axial strain, while the stress concentration ratio is approximately constant.
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Figure 6.30: Compliance ratio between ClayA and ClayB in parallel speci-
mens at different consolidation pressures
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Figure 6.31: Stress concentration ratio in parallel specimens at different
consolidation pressures
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Figure 6.32: Relationship between compliance ratio and stress concentra-
tion ratio
Fig. 6.32 shows the comparison between the average stress concentration
ratio and the stiffness ratio at different consolidation stresses. The stress
concentration ratio remains approximately constant and is thus denoted
as a point at a corresponding consolidation pressure, while the compliance
ratio is depicted as a range with a minimum and a maximum value. The
stress concentration ratio is slightly lower than the ideal parallel model at
a consolidation stress of 150 kPa. With a consolidation stress ranging from
200 kPa to 300 kPa, the stress concentration ratio increases and is compa-
rable to the stiffness ratio, which means that it can be approximated by
the ideal parallel model; However, when the consolidation stress increases
to 450 kPa, the stress concentration ratio becomes higher than the stiff-
ness ratio. An interaction on the interface or the penetration between the
constituents may contribute to this effect.
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Figure 6.33: Relationship between stiffness and deviatoric stress: 150kPa
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Test number C = a+ ba lnE = c+ d ln q
a× 10−1 MPa−1 b× 10−1 MPa−1 c d
ClayA-1 2.48 0.44 5.21 -0.95
ClayA-2 2.03 0.37 5.57 -0.96
ClayA-3 1.46 0.26 6.18 -0.95
ClayA-4 1.28 0.19 6.66 -0.96
ClayB-1 0.95 0.17 5.80 -0.70
ClayB-2 0.84 0.14 5.91 -0.71
ClayB-3-2 0.71 0.09 6.45 -0.72
ClayB-4 0.53 0.06 7.40 -0.75
Table 6.4: Parameters of the fitting curves for compliance C and stiffness
E of the parallel and the series specimens, respectively
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Figure 6.34: Relationship between stiffness and deviatoric stress: 200kPa
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Figure 6.35: Relationship between stiffness and deviatoric stress: 300kPa
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Figure 6.36: Relationship between stiffness and deviatoric stress: 450kPa
Figs 6.33-6.36 present the stiffness evolution of the series specimens and
the homogeneous specimens. The theoretical line (marked with solid lines)
in those figures corresponds to an ideal series model (Eq. (6.11)). The
stiffness is relatively high within the low stress range and decreases with
increase of the deviatoric stress. Similar to the compliance of the parallel
specimens, the stiffness evolution can also be divided into three regimes:
low, intermediate and post-failure stress range, respectively.
The stiffness evolution of the homogeneous specimens can be well approxi-
mated by double-logarithmic functions of the axial strain within the inter-
mediate strain range (lnE = c+ d ln q). Similarly to a and b, one can give
the following expressions for c and d (see Fig. 6.37):
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Figure 6.37: Relationship between the parameters (c and d) and the stress
level
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cA = 0.0048
(
σ′3/p0
)
+ 4.59; dA = −0.96 (6.20)
cB = 0.0055
(
σ′3/p0
)
+ 4.88; dB = −0.72 (6.21)
Where cA (dA) and cB (dB) are the parameters for ClayA and ClayB,
respectively. The stiffnesses of the ideal series model follow from Eqs (6.11),
(6.20) and (6.21). They are plotted with solid lines in Figs 6.33-6.36.
Figure 6.38: Schematic plot for the determination of the stiffness in series
model
Analogously to the determination of the stress concentration ratio, one can
also estimate the strain concentration ratio µ∗,B from the stiffnesses of the
series specimen and their homogeneous counterparts (see Fig. 6.38) by
Eqs (6.14) and (6.16). The calculation of the stiffnesses at the same axial
strain Es , EA and EB,follows from Fig. 6.38. With the volume fraction
of ClayB fv,B, one can calculate the strain concentration ratio µ,B and
finally determine µ∗,B from Eq. (6.16).
Figs 6.39-6.40 show the stiffness ratio EA/EB and strain concentration ratio
as functions of the deviatoric stress within the intermediate strain range
Both of them are not sensitive to the Deviatoric stress. Fig. 6.41 shows the
comparison between the stiffness ratio and the strain concentration ratio at
different consolidation stresses. There is no significant dependence of the
strain concentration ratio on consolidation stress. The strain concentration
ratio is relatively close to the stiffness ratio and interaction on the interface
plays a negligible role.
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Figure 6.39: Stiffness ratio between ClayA and ClayB in series specimens
at different consolidation pressures
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Figure 6.40: Strain concentration ratio in series specimens at different con-
solidation pressures
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Figure 6.41: Relationship between stiffness ratio and strain concentration
ratio in series specimens at different consolidation pressures
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6.7 Model application
As a simple application of the model, two further tests of the parallel config-
urations with different volume fractions (Parallel-3-2 and Parallel-4-2) are
assessed. For simplicity, it is supposed that the stress concentration ratio
of the specimens with the same structure is not influenced by the volume
fraction. For the range of volume fractions in this study, this hypothesis
seems to be valid. From Eq. (6.15), one can calculate the stress strain
curves of Parallel-3-2 and Parallel-4-2: CA (CB) is function of aA (aB) and
bA (bB), which are given by Eqs (6.18) and (6.19); fv,B = 1 − fv,A can be
estimated as an average value of the initial and final volume fractions (see.
Table 6.3); µσ,B can be calculated from µ
∗
σ,B (see. Fig. (31)) using Eq.
(6.17). The calculated parameters are given in Table 6.5. The predicted
data are plotted together with the measured values in Fig. 6.42. Obviously,
the model can well represent the test data up to the peak stresses.
Test number aA aB bA
−1 bB fv,B µ∗σ,B µσ,B
/MPa−1 /MPa−1 /MPa−1 /MPa−1 /% [–] [–]
Parallel-3-2 0.157 0.068 0.026 0.010 0.73 2.77 1.21
Parallel-4-2 0.122 0.019 0.055 0.006 0.65 4.43 1.37
Table 6.5: Model parameters for Parallel-3-2 and Parallel-4-2
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Figure 6.42: Comparison of the test data and the calculated results based
on this study
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6.8 Conclusions
This chapter investigates the behaviour of two types of inhomogeneous
specimens. The stress-strain behaviour and the ratios of stresses and strains
within the constituents are discussed. The following conclusions can be
drawn:
(1) The shear strength of the series specimen is slightly higher than that
of ClayA specimen and the limit stress envelope is curved downwards in
the p′-q plane. The critical state points of the parallel specimen are located
between those of both constituents. Furthermore, the maximum volumetric
strain of the series specimens is lower than that of its constituents, which
is significantly different from that of the parallel specimens.
(2) The failure plane of the series specimens is located only in the weaker
ClayA section, which means that the limit stress in the series specimens
is fully controlled by ClayA. On the contrary, the failure plane of the par-
allel specimens crosses both constituents, indicating that the limit stress
condition depends on the properties of both soils.
(3) Both the stiffness and the compliance evolutions during the test can
be divided into three regimes. The stiffness can be approximated by a
double-logarithmic function between the deviatoric stress and the axial
strain within the intermediate strain range, while the compliance can be
approximated by a linear function of the axial strain.
(4) The stress concentration ratio of the parallel specimens increases with
the consolidation stress, which may be influenced by the penetration be-
tween the constituents. The strain concentration ratio of the series speci-
mens is not sensitive to the consolidation stress, indicating that it can be
approximated with the ideal series model.
(5) In more general cases of geotechnical engineering, two soil types in con-
tact to each other resemble the inhomogeneous samples from this study.
Although such samples may have more complex structures (interface ge-
ometry, volume fractions), the parallel and series configurations represent
the limit cases. The investigation of more general configurations is the aim
of our future work.
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7 Numerical simulation of lumpy
composite soils using
a hypoplastic model
7.1 Introduction
The lumpy soil is a by-product of open-pit mining. A composite lumpy
material (in which the lumps are randomly distributed in the reconstituted
soil) is being created due to the degradation of the initial granular struc-
ture. The properties of the lumpy material are different from those of
composites with elastic inclusions. The soil lumps behave quasi-elastically
in the pre-peak regime and disintegrate in the post-peak regime which can
be also accompanied by dilation. Many researchers investigated this type
of material, e..g., a micromechanical analysis with PFC2D (Dolezˇalova´ and
Korˇa´n, 2002), theoretical analysis within the sensitivity framework (Masˇ´ın
et al., 2005a; Masˇ´ın et al., 2005b and Najser et al., 2010). As mentioned
in Chapter 2 (literature review), the previous approaches are not suitable
for the lumpy composite soils.
To simplify the analysis, only a fully saturated artificial lumpy material
was investigated in this chapter. In this case, the influences of the matric
suction and ageing of the lumps can be excluded. This chapter investigates
an artificial lumpy soil with a composite structure. It consists of artificial
lumps and reconstituted soil within the inter-lump voids. For the dumped
landfills in open-pit mining, the lumps disintegrate into a reconstituted soil
from the surface inwards, which resembles the lumpy composite structure
discussed in this chapter. (see also Fig. 7.14)
A good approximation approach for the behaviour of a lumpy material is
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to relate the overall properties to those of its constituents. The objective of
this chapter is to propose a homogenization method for the artificial lumpy
material. For this purpose, the compression and strength behaviour will
be investigated using the Finite Element Method. Special attention will be
paid to the behaviour of the constituents and the stress distribution within
the composite material. Three topics will be investigated in more detail:
(1) The compression and failure properties with different volume fractions
and overconsolidation ratios of the lumps, (2) the stress distribution in the
lumpy soils and (3) a homogenization law for the lumpy soils.
7.2 Multiparticle generation and model calibra-
tion
7.2.1 Geometric model
Finite element methods require a generation of the geometry to be inves-
tigated which is laborious especially for some complicated models. The
method proposed in this chapter creates an ASCII file as an input to the
preprocessor of GiD software. The lumpy specimen was represented by
a representative volume 3.8 cm * 3.8 cm * 3.8 cm containing a random
distribution of several identical spheres. The positions of the lumps were
characterized by their centers and diameters (d = 0.38 cm).
Number 1− ne dp Number of elements OCR el (lumps)
/ % / cm Lumps Total
Lumpy-15%-OCR5 15 0.48 9934 72051 5 0.499
Lumpy-15%-OCR8 15 0.48 9934 72051 8 0.475
Lumpy-15%-OCR12 15 0.48 9934 72051 12 0.454
Lumpy-15%-OCR20 15 0.48 9934 72051 20 0.429
Lumpy-5%-OCR12 5 0.48 3344 69276 12 0.454
Lumpy-10%-OCR12 10 0.48 6637 71026 12 0.454
Lumpy-20%-OCR12 20 0.42 13342 72903 12 0.454
Table 7.1: Overview of the simulated lumpy soils
The algorithm described below created a geometric model for the FE mesh.
It generated the random positions of the particle centers for a specified vol-
ume fraction within the space of a representative volume. The ith particle
was accepted if it meets the following two requirements: (1) the distance
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(dp) between its center and those of the previous i-1 particles exceeds a
minimum value (see Table 7.1); (2) to avoid the nonuniformity of the ele-
ment distribution, the particle center keeps a distance (0.43 cm) from the
boundary of the representative volume. Both the reconstituted soil and
the lumps were discretized with 4 noded tetrahedra. Approximately 280
elements were used to represented a single lump. No interface elements
were applied between the reconstituted soil and the lumps.
Figure 7.1: Geometry of the numerical model with different volume frac-
tions
In order to account for the influence of the volume fraction and overcon-
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solidation ratio, models with four different volume fractions (Fig. 7.1) and
four different preconsolidation pressures of the lumps were tested, as listed
in Table 7.1. OCR in the table denotes the overconsolidation ratio of the
lump material 1.
The stress state at a single (ith) integration point can be split into the
hydrostatic stress pi and deviatoric stress qi, characterized by first and
second invariants of the stress tensor respectively:
pi =
σxx,i + σyy,i + σzz,i
3
(7.1)
qi =
√
(σxx,i − σyy,i)2 + (σyy,i − σzz,i)2 + (σzz,i − σxx,i)2 + 6(σ2xy,i + σ2yz,i + σ2zx,i)√
2
(7.2)
The volume-average stresses of the constituents can be defined as follows:
qr =
Nr∑
i∈r,=1
qiVi
Nr∑
i∈r,=1
Vi
; pr =
Nr∑
i∈r,=1
piVi
Nr∑
i∈r,=1
Vi
; ql =
Nl∑
i∈l,=1
qiVi
Nl∑
i∈l,=1
Vi
; pl =
Nl∑
i∈l,=1
piVi
Nl∑
i∈l,=1
Vi
(7.3)
where qr (pr) and ql (pl) are volume-average stresses of the reconstituted
soil and lumps respectively, qi (pi) is the pointwise stress invariant at the
integration point of the ith element in the representative volume, Nr and
Nl are the numbers of elements in the volume of the reconstituted soil and
lumps, respectively (see Table 7.1), Vi is the volume of the ith element. The
overall stresses can also be calculated from the volume-average stresses of
the constituents with the volume fraction, that is
q = qr ∗ ne + ql ∗ (1− ne); p = pr ∗ ne + pl ∗ (1− ne) (7.4)
1The sample was isotropically consolidated at 200 kPa before triaxial shear test, there-
fore OCR indicates the preconsolidation pressure of the lumps related to the consolidation
pressure of the entire sample (OCR*200 kPa).
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where ne denotes the inter-lump porosity corresponding to the ratio be-
tween the volume of the reconstituted soil and the overall volume. Analo-
gously, the strains of the lumpy soil: v and s and those of its constituents:
v,i and s,i (i = l or r) can be defined:
v,i = xx,i + yy,i + zz,i (7.5)
s,i =
√
2
√
(xx,i − yy,i)2 + (yy,i − zz,i)2 + (zz,i − xx,i)2 + 6(2xy,i + 2yz,i + 2zx,i)
3
(7.6)
v,r =
Nr∑
i∈r,=1
v,iVi
Nr∑
i∈r,=1
Vi
; s,r =
Nr∑
i∈r,=1
s,iVi
Nr∑
i∈r,=1
Vi
; v,l =
Nl∑
i∈l,=1
v,iVi
Nl∑
i∈l,=1
Vi
; s,l =
Nl∑
i∈l,=1
s,iVi
Nl∑
i∈l,=1
Vi
(7.7)
v = v,r ∗ ne + v,l ∗ (1− ne); s = s,r ∗ ne + s,l ∗ (1− ne) (7.8)
where v,j and s,j (j=l or r) are hydrostatic and deviatoric parts of the
volume-average strains of the constituents respectively, v and s correspond
to the overall strains.
7.2.2 Constitutive model for the constituents and its cali-
bration
A hypoplastic model proposed by Masˇ´ın (2005b) was adopted in this chap-
ter for the constituents. It is characterized by the following features: (1) It
was developed based on the critical state mechanics and a linear relation-
ship in the ln v - ln p plane was adopted for the isotropic normal compression
line (Butterfield, 1979), (2) the limit stress criterion was represented as the
Matsuoka-Nakai failure surface and (3) the pyknotropy factor was modified
to reflect the influence of the overconsolidation effect.
It is a powerful framework to predict the non-linear behaviour of soils which
can overcome some shortcomings of many elasto-plastic models (Masˇ´ın,
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2012). It predicts (1) a non-linear response inside the Asymptotic State
Boundary Surface with gradually decreasing stiffness and (2) a more re-
alistic peak strength at the overconsolidated state than the elasto-plastic
Cam-clay model.
φc λ
∗ κ∗ N∗ r
33.4 0.04 0.005 0.65 0.6
Table 7.2: Parameters of the hypoplastic model
There are 5 parameters for Masˇ´ın ’s hypoplastic model (Masˇ´ın, 2005b):
named N∗, λ∗ , κ∗, φc and r. The first three parameters (N∗, λ∗ and κ∗)
are compression parameters which can be calibrated with an oedometer
or isotropic compression test (Fig. 7.2). φc is the strength parameter,
which can be determined using a linear regression of the critical state points
through series of conventional triaxial tests (Fig. 7.2). r is defined as the
ratio of the bulk modulus in isotropic compression and the shear modulus
in undrained shear test on isotropically consolidated samples (Herle and
Kolymbas, 2004). It has similar physical meaning as the Poisson’s ratio
used in the Modified Cam-clay model, which can be calibrated from the
initial stiffness of a stress-strain curve from a shear test. The soil used
in this study was taken from a highway foundation in Dresden (southeast
of Germany). Its liquid limit and plastic limit are 33.8 % and 19.6 %,
respectively (For more details, see Shi and Herle (2015b)). The parameters
of the hypoplastic model from the considered soil are given in Table 7.2.
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Figure 7.2: Calibration of the compression and strength parameters
The prescribed initial stress distribution was uniform at an isotropic stress
of 10 kPa. In reality, the stress in the lumps is higher than that of the
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reconstituted soil within the inter-lump voids. However, the structure ad-
justs itself and reaches a realistic stress distribution already after a small
stress increment. The triaxial shear test followed an isotropic compression
to a specified consolidation pressure.
7.3 Numerical simulations
All numerical simulations with FEM were performed using the software
Tochnog [www.feat.nl]. The elements correspond to 4 noded tetrahedral
with three degrees of freedom at a single node. The excess pore water pres-
sure is not considered in the simulations. It is assumed that the loading
velocity is so slow that the behaviour is fully drained. Displacement con-
straint along the y direction is applied on the bottom surface of the model.
In addition, two neighboring edges on the bottom surface are fixed along
x and z directions, respectively. The initial void ratio of the reconstituted
soil is 0.753 and those of the lumps are listed in Table 7.1 at an uniform
initial stress of 10 kPa.
The simulation results of the compression tests are shown in Fig. 7.3. It
is seen that the initial specific volume (1 + e) of the lumpy soil lies below
the Normal Compression Line. However, they tend towards and finally
reach this line. The differences between the Normal Compression Line and
those of the lumpy soil are affected by the preconsolidation pressures of the
lumps.
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Figure 7.3: Compression curves of the lumpy soil with volume fractions
and different preconsolidation pressures
For a homogeneous soil, the stress paths of a soil element follow from the
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boundary (stress) conditions. However, the lumpy material is a different
case. E.g. an isotropic stress condition at the boundary can also produce
local shear stress in the vicinity of the interfaces between the lumps and the
reconstituted soil. The mechanism of the local shear stress concentration
can be demonstrated by a simple 2D (plane strain) model (3.8 cm * 3.8
cm) of a lump (r=0.38 cm) floating in a reconstituted soil. The initial
water contents of the lump and the reconstituted soil are 0.454 and 0.753,
respectively, at an uniform initial stress of 10 kPa. The deformation in the
direction of z axis is prevented and the nodes are fixed along the bottom
edge. The normal stress is applied to the other three edges stepwise. Fig.
7.4 shows the local shear stress distribution near the lump at an extra load
of 1000 kPa. It can be seen that τxy has peak values at four points in
the vicinity of the lump, two of them are negative and the others with an
opposite sign.
Figure 7.4: Local shear stress distribution for a single lump in the recon-
stituted soil under external isotropic stress at plane strain condition
Fig. 7.5 shows the (overall) stress paths of the lumpy composite material
during isotropic loading. One can observe a linear relationship between the
deviatoric stress and the effective mean stress as long as the consolidation
stress is lower than the preconsolidation stress of the lumps. Afterwards,
the deviatoric stress increase becomes slower and even tends to remain
constant. More importantly, the local stress concentration increases with
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the consolidation pressure and volume f raction of the lumps. This type
of stress distribution has been discussed by many researchers (Dow, 1961;
Rosen, 1964; Riley, 1969).
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Figure 7.5: Overall stress paths of the lumpy soil during isotropic loading
with different volume fractions and different preconsolidation pressures
A lumpy sample consists of numerous lumps and the local shear stresses
may change their directions in the vicinity of every lump. Therefore, the
overall stresses (effective mean stress and deviatoric stress over the whole
volume) are zero and the boundary conditions can be satisfied. This type of
stress distribution plays an important role on the deformation and failure
behaviour of the lumpy soils. The maximum value of the deviatoric stress
is concentrated in the reconstituted soil. This may produce a large shear
deformation which spreads in the vicinity of the lumps. Finally, a shear
plane is created, followed by a decrease in the shear resistance.
0
100
200
300
400
500
600
0 5 10 15 20 25
D
ev
ia
to
ric
 s
tre
ss
 (O
ve
ral
l) /
kP
a
Deviatoric strain (Overall) /%
Lumpy-15%-OCR5
Lumpy-15%-OCR8
Lumpy-15%-OCR12
Lumpy-15%-OCR20
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 5 10 15 20 25
Vo
lu
m
et
ric
 s
tra
in
 (O
ve
ral
l) /
%
Deviatoric strain (Overall) /%
Lumpy-15%-OCR5
Lumpy-15%-OCR8
Lumpy-15%-OCR12
Lumpy-15%-OCR20
Figure 7.6: Stress-strain curves during triaxial shearing for different pre-
consolidation pressures of the lumps
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Figure 7.7: Stress-strain curves during triaxial shearing for different volume
fractions of the lumps
Figs. 7.6 and 7.7 show the stress-strain curves under triaxial shear load-
ing in terms of the overall deviatoric stress and overall volumetric strain,
respectively, against the overall deviatoric strain for different volume frac-
tions and preconsolidation pressures of the lumps. Note that the initial
deviatoric stress and strain produced during the isotropic loading are not
zero. For a given volume fraction, the overall initial stiffness is hardly af-
fected by the overconsolidation ratio of the lumps. With a further loading,
the overall stress-strain curves deviate from each other and finally approach
the critical state. In addition, for the lumps with a given preconsolidation
pressure, the increase of its volume fraction can enlarge the initial stiffness
of the lumpy soil.
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Figure 7.8: Stress-strain curves of the constituents during triaxial shear
loading
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Figure 7.9: Stress paths of the lumpy soil and its constituents during triaxial
shear loading
As shown in Figs. 7.6 and 7.7, the volume fraction and the overconsolida-
tion ratio of the lumps affect significantly the volumetric behaviour of the
the composite material. In some cases, the overall behaviour of the lumpy
soil shows strain softening accompanied by dilation. Figs. 7.8 and 7.9 can
provide an insight for this mechanism. There, the stress-strain curves of
the constituents are plotted together with the overall behaviour. When the
lumps reach the peak strength, the stress state of the reconstituted soil is
already close to the critical state. Therefore, the overall structure can not
be adapted to any further loading. Consequently, the lumps collapse and
tend towards the critical state. Therefore, the overall behaviour also shows
softening and dilation.
The stress paths of the lumps in the lumpy soil are plotted in Fig. 7.10.
It is obvious that the overconsolidation ratio of the lumps has a significant
influence on the average stress path of this constituent. The peak strength
of the lumps is not sensitive to the their volume fraction.
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Figure 7.10: Stress paths of the lumps during triaxial shear for different
volume fractions and preconsolidation pressures of the lumps
7.3.1 Stress distribution
The lumpy soil consists of stiff lumps and reconstituted soil within the inter-
lump voids. Given a significant difference of the stiffness between those two
constituents, the stress distribution is nonuniform and can be represented
by stress ratio coefficients:
µσ,p =
pl
pr
; µσ,q =
ql
qr
; (7.9)
where µσ,p and µσ,q are the stress ratios of the hydrostatic and deviatoric
stresses, respectively. Compression and shear can be considered as two
different mechanisms, hence the stress ratios are expected to be generally
different.
Fig. 7.11 shows the evolution of the stress ratio µσ,p against the overall
effective mean stress p during isotropic loading. The stress ratio initially
increase and then decreases as the effective mean stress increases. Since
the overconsolidation ratio of the lumps decreases with the consolidation
stress, the overall volume tends to be homogeneous. The stress ratio is
significantly affected not only by the preconsolidation stress but also by
the initial volume fraction of the lumps. For a specified volume fraction,
the stress ratio of the lumpy soil with a higher preconsolidation pressure of
the lumps lies above that with a lower value.
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Figure 7.11: Evolution of the stress ratio during isotropic compression
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Figure 7.12: Evolution of the stress ratio during triaxial shearing for dif-
ferent preconsolidation pressures of the lumps
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Figure 7.13: Evolution of the stress ratio during triaxial shearing for dif-
ferent volume fractions of the lumps
Figs. 7.12 and 7.13 show the stress ratios µσ,p and µσ,q versus the overall
deviatoric strain during triaxial shear loading. The evolution of the hydro-
static stress ratio µσ,p is oscillating in the pre-failure regime of the lumps.
For overall strain larger than 10 %, it decreases with further loading due
to the strain softening of the lumps (see Fig. 7.8). The evolution of the
deviatoric stress ratio µσ,q is similar to the stress-strain curve of the lumps,
i.e. initially increases and decreases afterwards. Furthermore, the stress ra-
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 127 — #133
7.4 A homogenization law for the stiffness of lumpy soils 127
tios (both µσ,p and µσ,q) are significantly influenced by the preconsolidation
pressure of the lumps.
7.4 A homogenization law for the stiffness of lumpy
soils
7.4.1 One-dimensional model
As discussed already above, it is useful to split the stress into a hydrostatic
and a deviatoric part. Correspondingly, two types of loading – compression
and shear, can be considered. The lumps and the reconstituted soil within
the inter-lump voids, respectively, represent two different materials which
can be linked by a series or a parallel configuration as limiting cases (see
Fig. 7.14).
Figure 7.14: The reference configuration of the lumpy soils
The compression-type loading for these two configurations (Fig. 7.15) has
been discussed by many researchers (Voigt, 1928; Reuss, 1929). In this case,
the stiffness is the highest if the constituents (lumps and reconstituted soil)
are ranged in parallel in the direction of the deformation, and it is the
lowest when the constituents are in series in the direction of the force. The
effective stiffness of a soil with two constituents in parallel (Kp) and series
(Ks) respectively can be calculated from the following equations:
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Kp = neKr + (1− ne)Kl The parallel model (Voigt, 1928) (7.10)
1
Ks
=
ne
Kr
+
1− ne
Kl
The series model (Reuss, 1929) (7.11)
where Kr and Kl are the stiffnesses of the reconstituted soil and lumps,
respectively.
Figure 7.15: Parallel and series configurations under compression-type load-
ing
Figure 7.16: Parallel and series configurations under shear-type loading
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The shear-type loading is shown in Fig. 7.16. For the parallel structure,
the uniform shear strain is perpendicular to the interface of its constituents,
while the uniform shear stress is parallel to the interface for the series
structure. It is assumed that the interface between the both constituents
are rigid, i.e. there is no relative displacement at their interface. According
to Fig. 7.17, the constitutive equations of the constituents for the series
configuration are
Figure 7.17: Analysis of the series configuration under uniform shear stress
Gr =
τr
γr
; Gl =
τl
γl
; Gs =
τ
γ
(7.12)
γr =
δsr
lr
; γl =
δsl
ll
; γs =
δs
l
(7.13)
τ = τr = τl; l = ll + lr (7.14)
τ and τi(i = r, l) are the shear stresses of the series configuration and its
constituents, respectively, γ and γi(i = r, l) are the corresponding shear
strains. Gs is the effective shear stiffness of the composite soil, Gr and Gl
are the shear stiffnesses of the constituents. Combining Eqs. (7.12)-(7.14),
one obtains
1
Gs
=
ne
Gr
+
1− ne
Gl
(7.15)
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Analogously, the effective shear stiffness of the parallel configuration can
be expressed as
Gp = neGr + (1− ne)Gl (7.16)
Eqs. (7.15) and (7.16) correspond to the lower and upper bounds of the
shear stiffnesses, respectively, for the same configurations like the compression-
type loading (Eqs. (7.10) and (7.11)). However, it should be emphasized
that the above expressions for the stiffness correlation are based on one
dimensional model. In a general stress space (2-D or 3-D), the results may
be questionable and as will be shown in the following section.
7.4.2 General model
In 2-D or 3-D problems, the so called ’parallel or series configurations’ do
not exist, since these are effective only in a specified direction. Furthermore,
the compression stiffness and the shear stiffness are derived separately, in-
dicating that there is no coupling effect between the hydrostatic part and
the deviatoric part. For a lumpy soil, the hydrostatic and deviatoric parts
should be coupled with each other, i.e. the deviatoric stress should be
able to produce also the volumetric strain and the hydrostatic stress the
deviatoric strain.
A generalization of Eqs. (7.10), (7.11), (7.15) and (7.16) was proposed by
Agari and Uno (1986) for the estimation of the thermal conductivity of filled
polymers. Here, we suggest that the stiffness of a soil with two constituents
can be described analogously to the thermal conductivity with
Eϑ = neEr
ϑ + (1− ne)Elϑ (7.17)
where E is either a compression or a shear stiffnesses. If ϑ = 1 or −1
Eq. (7.17) corresponds to the parallel or series configuration, respectively.
As stated above, the general configuration of the interface zone between
the lumps and the reconstituted soil lies between those of the series and
parallel models. Therefore, Eq. (7.17) can be considered as an interpo-
lation for the overall stiffness of inhomogeneous soils. For a lumpy soil,
the lumps are randomly distributed in the reconstituted constituent. In a
simplified manner, the structure is composed by both parallel and series
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configurations at different orientations (Fig. 7.14), which exist at the same
time and the same space (Shi and Herle, 2015a). If we suppose that the
two configurations are of equivalent effect on the overall structure, ϑ can
be assumed to be in the neighborhood of 0. If we write down a first order
Maclaurin expansion with ϑ = 0, Eϑ ≈ Eϑ +Eϑ logE = 1 + logE. Finally,
Eq. (7.17) can be converted into
logE = ne logEr + (1− ne) logEl (7.18)
In the sequel, the applicability of Eq. (7.18) for the lumpy soil in complex
stress state will be analyzed. The use of tangent stiffness formulations is
problematic for shear type loading due to the complex behaviour of lumps in
the post-failure regime (dilatancy and strain softening). This may produce
negative values of the stiffness matrix. Hence, secant stiffnesses are used
for the homogenization law (the tangent stiffness method is also adopted
for the isotropic loading path), which are defined as
Kh =
p
v
; Gd =
q
s
; Kd =
p
s
; Gh =
q
v
(7.19)
v and s are the volumetric and deviatoric strains, respectively.
Combing Eqs. (7.18) and (7.19), one obtains the homogenization law for
the isotropic loading path:
[
logKh logKd
logGh logGd
]
= ne ∗
[
logKh logKd
logGh logGd
]
r
+ (1− ne) ∗
[
logKh logKd
logGh logGd
]
l
(7.20)
Fig. 7.18 shows the comparison between Eq. (7.20) and the simulation
of isotropic loading described in section 3.1. Note that during isotropic
loading, the deviatoric stresses and strains are generated. The data are
in a good agreement with the theoretical line, indicating that the overall
secant stiffness can be approximated by those of its constituents as Eq.
(7.20).
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Figure 7.18: Relationship between the overall secant stiffness and those of
the constituents under isotropic loading
The volumetric strain of the lumps may be negative under a triaxial shear
stress path, thus imaginary parts may appear using Eq. (7.18). There-
fore,only the stiffnesses related to the deviatoric strain (Gd and Kd) are
used for the homogenization law during shear deformation (triaxial shear
stress paths). An analogous evaluation for the overall secant stiffness and
those of the constituents during triaxial shear is shown in Fig. 7.19. The
performance of the homogenization law is satisfactory.
The stress-strain curves of the constituents can provide a better understand-
ing for the load transfer between the constituents. At the peak deviatoric
stress of the lumps, the stress state of the matrix is approximately close
to the Critical State Line and it can not transfer any further load. Hence,
the lumps have to overtake an extra load increment alone. At the critical
stage of the reconstituted soil, the deviatoric strain can increase indefinitely
without changes in volume or effective stress. Therefore, two components
of stiffnesses related to the volumetric behaviour of the reconstituted soil
(Kh,r and Gh,r) remain constant:
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Kh,r = pf/vf ; Gh,r = qf/vf (7.21)
where pf , qf and vf correspond to the limit stress (strain) state for the
reconstituted soil within the inter-lump spaces.
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Figure 7.19: Relationship between the overall secant stiffness and those of
the constituents during triaxial shear loading
For an isotropic compression loading. It is suggested to use Kh to develop a
simple compression model (including one stress invariant, p). For a triaxial
shear stress path, one should use Kd and Gd for the homogenization model
(including two stress invariants, p and q). The stress and strain invariants of
the constituents can be computed at the end of each incremental step (extra
overall stress increment applied to the lumpy soils), the overall stiffness is
then determined (Eq. (7.20)). Afterwards, the stress and strain increments
can be updated according to the constitutive model of the constituents.
This procedure can be done stepwise.
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7.5 Homogenization law using the tangent stiff-
nesses under isotropic compression load
Analogously to the secant stiffnesses, the tangent ones (hydrostatic K¯h
and deviatoric G¯d parts, together with their counterparts K¯d and G¯h) are
defined as
K¯h =
dp
dv
; G¯d =
dq
ds
; K¯d =
dp
ds
; G¯h =
dq
dv
(7.22)
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Figure 7.20: Relationship between the overall tangent stiffness and those
of the constituents during triaxial shear loading
The corresponding homogenization law is expressed as
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[
log K¯h log K¯d
log G¯h log G¯d
]
= ne ∗
[
log K¯h log K¯d
log G¯h log G¯d
]
r
+ (1− ne) ∗
[
log K¯h log K¯d
log G¯h log G¯d
]
l
(7.23)
The relationships between the tangent stiffnesses are shown in Fig. 7.20.
Obviously, the simulation results from section 3.1 fit excellently the homog-
enization law during isotropic loading in terms of the tangent stiffness.
7.6 Conclusion
In the present study, the compression and strength behaviour of a soil with
randomly distributed lumps are first investigated using the Finite Element
Method. The pseudo random number technique is employed for the creation
of the geometrical models. The following conclusions can be drawn:
(1) An isotropic load can produce local shear stresses which increase with
the preconsolidation pressure and volume fraction of the lumps. The com-
pression lines of the lumpy material tend gradually towards and finally
reach the Normal Compression Line.
(2) When the lumps reach the peak strength, the stress of the reconstituted
soil is approximately close to the critical state. Therefore, the lumps may
soften accompanied by dilation. When the volume fraction of the lumps
is higher than a certain threshold value, the overall behaviour in triaxial
shear also shows strain softening and dilation.
(3) For the isotropic compression loading, the ratio of the constituents’
stresses decreases as the effective mean stress increases. The stress ratio is
significantly affected by both the volume fraction and the preconsolidation
stress of the lumps.
(4) For conventional triaxial compression loading, the deviatoric stress ratio
initially increases and decreases afterwards, indicating a correlation with
the strain softening behaviour of the lumps. The stress ratios are signifi-
cantly influenced by the preconsolidation pressure of the lumps, while the
volume fraction of the lumps plays only a minor role.
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(5) Two types of loads are discussed based on the series and parallel mod-
els, respectively. A homogenization law for general stress paths was pro-
posed based on the results of FE simulations. Both the homogenization law
for isotropic compression and conventional triaxial loading are formulated
based on the secant stiffnesses.
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8 Analysis of the compression
behaviour of artificial lumpy
composite materials
8.1 Introduction
In the presented study, the compression behaviour of a lumpy composite
material, in which the lumps are randomly distributed in the reconstituted
soil, will be investigated. For simplicity, an artificial lumpy material is used
in this chapter. The compression characteristic of lumps is controlled only
by their porosity (i.e. overconsolidation). It is a transition form between
the reconstituted and natural lumpy soil.
8.2 Experimental investigation
8.2.1 Material properties and preparation of lumpy sample
The soil used in this study is a high plasticity clay. It was taken from
an open pit mine in Guttau city in east Germany. The basic physical
properties are given in Chapter 5 (Table 5.1). The organic content of the
tested soil is 10.6%. The materials were firstly mixed with water and then
sieved with a mesh opening of 0.425 mm to exclude the coarse grains from
the natural soil. The soil reconstituted in this way has a high initial water
content. Hence, it was first exposed to air for a period of time. After the
water content was reduced to 0.8-1.0 times the liquid limit, water was added
eventually to reach the desired water content for the tests (oedometer or
preconsolidation tests).
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Figure 8.1: The specimen after preconsolidation and the lumps after cutting
process
The preparation of the lumpy soil is the same as that mentioned in Chapter
3, the preconsolidation pressure of the lumps is 1600 kPa. The artificial
lumpy soil is shown in Fig. 8.1.
As can be seen in Table 8.1, two different materials were tested in the
oedometer: lumpy composite soil and the reconstituted soil. vt of the lumpy
material is the overall initial specific volume and p¯′c is the preconsolidation
pressure of the fresh lumps. The consolidation time for each load step was
12-24 h according to the consolidation curves.
The lumpy composite material consists of the fresh lumps and reconstituted
soil in the inter-lump voids. The inter-lump porosity ne is identical to
the volume fraction of the reconstituted soil in the composite. As stated
above, the structure of the lumpy specimens in Table 8.1 is similar to that
of the lumpy material from old landfills. In the laboratory preparation,
the fresh lumps were mixed with reconstituted soil with a specific initial
water content. Note that the initial water content of reconstituted soil in
the inter-lump voids may be different from that of the soil which creates
the lumps. In this chapter, the initial void ratio for the reconstituted soil
which created the lumps is 2.88 (corresponding to Rec-2), and two different
initial void ratios (3.74 and 4.26) for the soil within the inter-lump voids
were used (corresponding to Rec-3 and Rec-4, respectively).
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Test number Initial specific volume p¯′c / MPa
Rec (vr) Lump (vl) Composite (vt) ne
Rec-1 3.29 — — — —
Rec-2 3.88 — — — —
Rec-3 4.74 — — — —
Rec-4 5.26 — — — —
Lumpy-C1 5.26 2.16 4.74 0.92 1.6
Lumpy-C2 5.26 2.16 3.71 0.71 1.6
Lumpy-C3 5.26 2.16 3.63 0.68 1.6
Lumpy-C4 4.71 2.18 4.39 0.93 1.6
Lumpy-C5 4.71 2.18 4.17 0.88 1.6
Lumpy-C6 4.71 2.18 3.84 0.80 1.6
Lumpy-C7 4.71 2.18 3.58 0.73 1.6
Table 8.1: Test plan of the reconstituted soil and lumpy soil (lumps mixed
with the reconstituted soil)
8.2.2 Test results
The properties of the reconstituted soils are usually a frame of reference
for interpreting the soil behaviour in different states. Fig. 5.1 shows the
compression curves of the reconstituted soil at different initial water con-
tent. It can be seen that the initial water content significantly affects the
compression behaviour of the reconstituted soils.
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Figure 8.2: Compression curves of the lumpy composite soil
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Fig. 8.2 shows the compression behaviour of the lumpy composite mate-
rials. This response is similar to that of a reconstituted soil at different
initial water contents, see Fig. 5.1.
8.3 A compression model for lumpy soils
The lumpy material from mining landfills is a typical composite soil, which
consists of the lumps and the reconstituted soil within the inter-lump voids.
Initially, the state of the soil within the lumps can be considered to be
overconsolidated. A reconstituted soil may fill the inter-lump voids accom-
panied by structure degradation of the lumps. In this case, due to their
higher stiffness, the stress in the lumps is higher than that in the reconsti-
tuted soil within the inter-lump voids. A homogenization method is thus
needed for the modeling of the compression behaviour of artificial lumpy
materials.
8.3.1 Volume divisions
Figure 8.3: Partial volumes in a lumpy material
As can be seen in Fig. 8.3, a representative volume Vt of the lumpy soil can
be divided into four volume parts: the voids in the reconstituted soil (Vi,r);
the solid in the reconstituted soil (Vs,r); the voids in the lumps (Vi,l) and
the solid in the lumps (Vs,l). Vr and Vl represent the volumes of the recon-
stituted soil and lumps, respectively. The overall porosity nt =
Vi,r+Vi,l
Vr+Vl
can
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be decomposed into the inter-lump porosity (porosity of the reconstituted
soil) nr =
Vi,r
Vr
and intra-lump porosity (porosity of the overconsolidated
soil) nl =
Vi,l
Vl
, respectively:
nt = nenr + (1− ne)nl (8.1)
Here, ne =
Vr
Vt
is the volume fraction of the reconstituted soil in the lumpy
composite. Obviously, the volume fractions in the lumpy soil are not con-
stant due to different compressibility of the constituents. From Eq. (8.1)
follows:
ne =
nt − nl
nr − nl (8.2)
Eq. (8.2) will be used in the sequel to relate the volume fraction of the
reconstituted soil to the change of the consolidation stress.
The porosities nt, nr and nl are related to the corresponding specific vol-
umes
nt =
vt − 1
vt
; nr =
vr − 1
vr
; nl =
vl − 1
vl
(8.3)
where vt denotes the overall specific volume, vr and vl represent the specific
volumes of the respective constitutes.
8.3.2 Definitions of stresses and strains
When a lumpy soil is loaded at a given stress, the local stress field and the
corresponding strain field are non-uniform. The problem can be simplified if
we consider an average stress and strain in each phase. For a representative
volume Vt, the volume average effective mean stress p¯
′ and volumetric strain
¯v can be defined as the average of the local stress p
′(x ) and strain v(x )
over the total representative volume:
p¯′ =
1
Vt
∫
Vt
p′(x )dV ; ¯v =
1
Vt
∫
Vt
v(x )dV (8.4)
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Similarly, the volume-average stresses and strains of the constituents in the
lumpy soil (lumps and reconstituted soil within the inter-lump voids) can
also be defined. For this purpose, the overall volume Vt is divided into Vr
(volume occupied by the reconstituted soil) and Vl (volume occupied by
the lumps). The average stresses and strains of the constituents over the
corresponding volumes can be defined as
p¯′i =
1
Vi
∫
Vi
p′i(x )dVi; ¯v,i =
1
Vi
∫
Vi
v,i(x )dVi(i = l, r) (8.5)
The relationship between the overall volume-average stress (strain) and
those of its constituents is related to the volume fraction of the reconstituted
soil ne:
p¯′ = nep¯′r + (1− ne)p¯′l (8.6)
¯v = ne¯v,r + (1− ne)¯v,l (8.7)
It should be noted that Eq. (8.7) is consistent with the definition of the
overall average volumetric strain ¯v in Eq. (8.4) only when engineering
strain (defined as the amount of volume deformation divided by the initial
volume of the material.) is used. Hence, Eq. (8.4) should be used in
general.
The overall effective stiffness can be expressed as a function of the stiff-
nesses of the constituents with the stress concentration ratio, which was
first proposed by Hill (1963). It introduces a stress distribution tensor as
the ratio between the average stress of each constituent and the correspond-
ing average value in the whole material. With the help of stress and strain
definition (Eqs (8.4) and (8.5)), the stress distribution tensor can be ap-
proximated by a scaling parameter, named incremental stress ratio µp¯,i or
total stress ratio µ˜p¯,i (i = r or l):
dp¯′i = µp¯,idp¯
′; p¯′i = µ˜p¯,ip¯
′ (8.8)
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8.3.3 Constitutive equations for the constituents
The soil state within the lumps is anisotropic due to the original K0 stress
state in the field (Chandler, 2000). However, the lumps are randomly dis-
tributed in the reconstituted soil, therefore they can be adequately repre-
sented by an isotropic structure on average. The work by Butterfield (1979)
is employed here as a reference compression model for the constituents, see
Fig. 8.4. In this figure, v and p are the specific volumes and the effective
mean stresses of the constituents, respectively.
Figure 8.4: The reference model for the compression behaviour of the lumpy
material
The normal compression lines of the lumps and of the reconstituted soil are
represented by two different sets of parameters. This is due to the fact that
the initial water content has a significant influence on the compression be-
haviour of the reconstituted soils (Certo and Lutenegger, 2004; Hong et al.,
2010; Shi and Herle, 2015b). The initial water content of the reconstituted
soil within the inter-lump voids may thus be different from that of the orig-
inal soil during the deposition history in the geological history. E.g., the
initial void ratio of the reconstituted soil which created the lumps (Rec-2)
is different from those of the soil within the inter-lump voids (Rec-3 and
Rec-4), and significant differences in compressibility can be seen in Fig .2.
Following Butterfield (1979), the compression behaviour of the constituents
can be approximated
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– for the reconstituted soil in the inter-lump voids:
d¯v,r =
λ1dp¯
′
r
p¯′r
(8.9)
– for the lumps (overconsolidated state):
d¯v,l =
κdp¯′l
p¯′l
(8.10)
– for the lumps (normally consolidated state):
d¯v,l =
λ2dp¯
′
l
p¯′l
(8.11)
Above, λ1 and λ2 are the slopes of the normal compression lines for the
reconstituted soil and the lumps, respectively, in terms of specific volume
versus consolidation stress in a ln v : ln p¯′ plot. κ is the slope of the swelling
line. When the volume-averaged stress in the lumps is higher than the
preconsolidation stress, Eq. (8.11) is adopted to characterize the behaviour
of the lumps.
8.3.4 A homogenization law for the tangent stiffness of lumpy
composite soil
A homogenization law based on secant stiffnesses was proposed in Chapter
7. However, the compression model for the constituents (lumps and recon-
stituted soil) is formulated based on the incremental stresses and strains
(see Eqs (8.9) - Eq. (8.11)). Hence, it is better to introduce a homoge-
nization law based on tangent stiffnesses. For this purpose, the tangent
stiffnesses are defined as
Kr =
dp¯′r
d¯v,r
(8.12)
for the reconstituted soil within the inter-lump spaces and
Kl =
dp¯′l
d¯v,l
(8.13)
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for the lumps. Apply the same procedure to the derivation of the homog-
enization law based on the secant stiffnesses, the overall stiffness can be
written as
logK = ne logKr + (1− ne) logKl (8.14)
Many classical homogenization laws were proposed in previous decades fol-
lowing the mean-field homogenization scheme (e.g. Mori-Tanaka method
(Mori and Tanaka, 1973), Lielens method (Lielens et al., 1998) and Self
Consistent method (Hill, 1965)). All these approaches are achieved based
on a local problem proposed by Eshelby (1957) for a single lump, and the
global homogenization law was obtained by averaging the local ones. E.g.,
the Mori-Tanaka method is approximated by assuming that each lump un-
dergoes a far field strain equal to the average value of the matrix; In the Self
Consistent method, a single lump is supposed to be embedded in an infinite
matrix equal to the average properties of the composite. The homogeniza-
tion law proposed in this chapter is based on the analysis of the structure
for the Representative Elementary Volume and it is simple compared to
those previous models. It will be seen in the sequel that the overall stiff-
ness and stress ratios can be formulated simply and explicitly as a function
of the stress state and model parameters.
Eq. (8.14) for the lumpy composite soil can be verified by a numerical simu-
lation with FEM using the software Tochnog [www.feat.nl]. The geometric
models are the same as those in Chapter 7. Models with four different
volume fractions of the lumps (5%, 10%, 15% and 20%) and four different
preconsolidation pressures of the lumps (1.0 MPa, 1.6 MPa, 2.4 MPa and
4.0 MPa) were simulated.
For the sake of simplicity, we just focus on the isotropic stress in this study.
For the lumpy material, an isotropic stress condition at the boundary can
also produce local shear stress in the vicinity of the interfaces between the
lumps and the reconstituted soil. The stress and strain states at a single
(ith) integration point can be denoted as pi and iv,
p¯i =
σixx + σ
i
yy + σ
i
zz
3
; ¯iv = 
i
xx + 
i
yy + 
i
zz (8.15)
Following the definitions of the stresses and strains (Eqs. (8.4) and (8.5)),
the volume-averaged stresses and strains of the constituents can be defined
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as
p¯′r =
Nr∑
i∈r,=1
piV i
Nr∑
i∈r,=1
V i
; p¯′l =
Nl∑
i∈l,=1
piV i
Nl∑
i∈l,=1
V i
(8.16)
¯v,r =
Nr∑
i∈r,=1
ivV
i
Nr∑
i∈r,=1
V i
; ¯v,l =
Nl∑
i∈l,=1
ivV
i
Nl∑
i∈l,=1
V i
(8.17)
where pi and iv are the pointwise stress and strain at the integration point
of the ith element in the representative volume, Nr and Nl are the numbers
of elements in the volume of the reconstituted soil and lumps, respectively,
V i is the volume of the ith element which can be calculated as follows:
the coordinates of the nodes for each element were got from the output
file (.dbs) of the FEM analysis. Afterwards, a simple program was written
to calculate the volume of the corresponding element. The overall effective
mean stress can also be calculated from the volume-averaged stresses of the
constituents with the volume fraction according to Eq. (8.6). The overall
strain is defined similarly to those of its constituents:
¯v =
Nr+Nl∑
i=1
ivV
i
Nr+Nl∑
i=1
V i
(8.18)
The effective tangent stiffnesses K and those of its constituents Ki(i = l, r)
are defined as follows:
K =
δp¯′
δ¯v
; Ki =
δp¯′i
δ¯v,i
(i = l, r) (8.19)
where δp¯′ (δp¯′i) and δ¯v (δ¯v,i) are the stress and strain increments between
two neighbouring time steps. Isotropic stress at the boundary was increased
from 10 kPa to 4000 kPa. Fig. 8.5 shows the relationship between the
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overall stiffness and those of its constituents for the simulations of isotropic
loading with different volume fractions and preconsolidation pressures of
the lumps. The data are in a perfect agreement with the theoretical line,
indicating that the overall tangent stiffness can be well approximated by
Eq. (8.14).
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
0.50 1.00 1.50 2.00 2.50 3.00 3.50
n
e
*
lo
g 
K r
+
(1−
n e
)*l
og
 K
l
log K
Lumpy−15%−OCR5
Lumpy−15%−OCR8
Lumpy−15%−OCR12
Lumpy−15%−OCR20
Lumpy−5%−OCR12
Lumpy−10%−OCR12
Lumpy−20%−OCR12
Equation(8.14)
Figure 8.5: Relationship between the overall tangent stiffness and those of
the constituents during isotropic loading
8.3.5 Compression model for the lumpy composite soil
The tangent compression stiffness of the lumpy soil can now be calculated
from
log
dp¯′
d¯v
= ne log
dp¯′r
d¯v,r
+ (1− ne) log dp¯
′
l
d¯v,l
(8.20)
As shown in Fig. 8.4, the compression behaviour of the lumps can be
splitted in two regimes, which are characterized by Eqs (8.10) and (8.11),
respectively. Combing Eqs (8.6), (8.8), (8.9), (8.10) and (8.20), one obtains
the overall stiffness and stress ratios of the lumpy composite for the range
with overconsolidated lumps:
dp¯′
d¯v
=
µ˜
(1−ne)
p¯,l µ˜
ne
p¯,r
κ(1−ne)λ1ne
p¯′ (8.21)
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is the overall effective stiffness and
µp¯,l =
dp¯′l
dp¯′
=
1− ( κp¯′r
λ1p¯′l
)(1−ne)
(1− ne)(1− κp¯′rλ1p¯′l )
(8.22)
µp¯,r =
dp¯′r
dp¯′
=
1− (1− ne)µp¯,l
ne
(8.23)
are the incremental stress ratios.
After the effective mean stress in the lumps reaches their preconsolidation
pressure, using Eqs (8.6), (8.8), (8.10), (8.11) and (8.20), the overall com-
pression behaviour of the lumpy composite can be expressed as
dp¯′
d¯v
=
µ˜
(1−ne)
p¯,l µ˜
ne
p¯,r
λ2
(1−ne)λ1ne
p¯′ (8.24)
for the overall effective stiffness and
µp¯,l =
dp¯′l
dp¯′
=
1− (λ2p¯′r
λ1p¯′l
)(1−ne)
(1− ne)(1− λ2p¯′rλ1p¯′l )
(8.25)
µp¯,r =
dp¯′r
dp¯′
=
1− (1− ne)µp¯,l
ne
(8.26)
for the stress incremental ratios. Eqs (8.21) and (8.24) can be simplified as
d¯v = λ¯
dp¯′
p¯′
(8.27)
In the latter equation, λ¯ is not a constant but a function of the stress ratios
and the inter-lump void porosity. When the volume-average stress in the
lumps remains in the overconsolidation range (p¯′l < p¯
′
c), λ¯ is given by
λ¯ =
κ(1−ne)λ1ne
µ˜
(1−ne)
p¯,l µ˜
ne
p¯,r
(8.28)
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In case that the lumps reach the normal compression state, we get:
λ¯ =
λ2
(1−ne)λ1ne
µ˜
(1−ne)
p¯,l µ˜
ne
p¯,r
(8.29)
8.4 Application of the model to experimental data
8.4.1 Model parameters
The proposed model describes the tangent stiffness with Eqs (8.21) and
(8.24). It uses three intrinsic compression parameters: λ1, λ2 and κ. κ is
supposed to be a constant for the reconstituted soil with different initial wa-
ter contents. However, for the calculation of the inter-lump porosity of the
lumpy soil at a reference stress level, one needs to know the corresponding
void ratios of the constituents. Hence, two additional parameters N1 and
N2 are needed, see Table 8.2. N1 and λ1 correspond to the reconstituted
soil distributed in the inter-lump voids (Rec-3 and Rec-4). N2 and λ2 are
parameters of the lumps (Rec-2).
Specimen Constituent-r Constituent-l κ γ inter-lump porosity
N1 λ1 N2 λ2 ne
Lumpy-C1 1.64 0.13 1.43 0.11 0.037 0.99 0.85 (p=2 kPa)
Lumpy-C2 1.64 0.13 1.43 0.11 0.037 0.95 0.68 (p=4 kPa)
Lumpy-C3 1.64 0.13 1.43 0.11 0.037 0.95 0.60 (p=4 kPa)
Lumpy-C4 1.57 0.12 1.43 0.11 0.037 0.99 0.91 (p=2 kPa)
Lumpy-C5 1.57 0.12 1.43 0.11 0.037 1.00 0.81 (p=2 kPa)
Lumpy-C6 1.57 0.12 1.43 0.11 0.037 0.97 0.77 (p=4 kPa)
Lumpy-C7 1.57 0.12 1.43 0.11 0.037 0.96 0.70 (p=4 kPa)
Table 8.2: Parameters of the proposed compression model for the lumpy
soil
Similarly to the reconstituted soils, the stiffness of lumpy composite samples
with low initial water contents changes significantly in oedometer tests at
a relatively low stress level. This apparent yield pressure is induced by
the moist tension increase (Russel and Mickle, 1970). It can be computed
by extrapolating the post-yield curve to the initial void ratio e0 in the
bilogarithmic plot. In this work, the yield stress of the composite soil is
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 150 — #156
150 Compression behaviour of lumpy composite materials
assumed to correspond to that of the reconstituted soil. It can be estimated
from the following equation (Fig. 8.6):
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Figure 8.6: Relationship between the yield stress and normalized initial
void ratio for the reconstituted soil
p′s =
5.26p0
(e0/eL)3.3
1 + 2K0
3
(8.30)
where p0=1 kPa is the reference stress, eL is the void ratio of the tested
soil at its liquid limit, K0 = 1− sinφ is the coefficient of earth pressure at
rest (Jaky, 1944).
8.4.2 Simulation of oedometric compression
One can calculate the overall compression curve (or the curves of the con-
stituents) of the lumpy composite soil according to the following procedure:
Step 1. Estimate the yield stress of the lumpy composite soil by Eq. (8.30).
Since the model does not describe the pre-yield behaviour, the initial stress
for the simulation should be higher than the calculated value. For the lumpy
soil in this study, the initial stresses of Lumpy-C1, Lumpy-C4 and Lumpy-
C5 are 2 kPa and those of other tests are 4 kPa. Suppose an isotropic initial
stress distribution at the yield stress, µp¯,r = µp¯,l = 1.
Step 2. Let p¯′k−1 and (¯v)k−1 represent the overall stress and strain at the
last increment step. Similarly, (p¯′i)k−1 and (¯v,i)k−1 (i = r or l) denote the
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stresses and strains of the constituents. Calculate the stress incremental
ratios of the constituents according to Eqs (8.22) and (8.23) (or Eqs (8.25)
and (8.26)).
Step 3. For a given (overall) stress increment (dp¯′), calculate the stress
increments for the constituents: dp¯′i = µp¯,idp¯
′ (i = r or l) and then update
the total stresses of the constituents: (p¯′i)k = (p¯
′
i)k−1 + dp¯
′
i (i = r or l).
Step 4. Calculate the strain increments (d¯v,i, i = r or l) of the constituents
according to the reference compression model (Eqs (8.9) -(8.11)). Compute
the overall strain increment from Eq. (8.21) (or Eq. (8.24)) and update
the total strains afterwards: (¯v)k = (¯v)k−1 +d¯v; (¯v,i)k = (¯v,i)k−1 +d¯v,i
(i = r or l)
Step 5. The volume fraction of the reconstituted soil should be updated
using Eq. (8.2) at the end of every increment. The specific volumes can be
calculated from
vt = v0,t exp(−¯v); vr = v0,r exp(−¯v,r); vl = v0,l exp(−¯v,l) (8.31)
where v0,t is the initial overall specific volume, v0,r and v0,l are the initial
specific volumes of the constituents.
8.4.3 Evaluation of model predictions
Seven oedometer tests were used to evaluate the validity of the proposed
model, including two different initial void ratios of the soil within the inter-
lump voids. The initial water content of the matrix in Lumpy-C1, Lumpy-
C2 and Lumpy-C3 is 4.74 (Rec-3) and that of the matrix in Lumpy-C4,
Lumpy-C5, Lumpy-C6 and Lumpy-C7 is 5.26, corresponding to Rec-4. The
model parameters and volume fractions of the lumps are listed in Table 8.2.
As shown in Fig. 8.7, the compression behaviour of the lumpy material can
be well reproduced by the model. The evolution of the inter-lump porosity
and of stress ratio is shown in Figs 8.8 and 8.9. Note that the stress ratio in
this figure (and in the sequel) is defined as the ratio of the volume averaged
stresses between the lumps and the reconstituted soil within the inter-lump
voids, i.e. µ∗¯p = p¯′l/p¯
′
r.
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Figure 8.7: Prediction of the compression curves for the con-
stituents (Lumpy-C1,Lumpy-C2,Lumpy-C3,Lumpy-C4,Lumpy-C5,Lumpy-
C6,Lumpy-C7)
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It can be seen that the stress ratio increases rapidly at a low stress level and
remains approximately constant until the stress in the lumps reaches the
preconsolidation pressure. Afterwards, it decreases due to the reduction
of the stiffness of the lumps. The stress ratio increases with the volume
fraction of the lumps. Correspondingly, the inter-lump porosity decreases
rapidly at a low stress level. This is a consequence of a significant difference
in the stiffnesses between the two constituents.
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Figure 8.8: Evolution of the inter-lump porosity with stress levels (simula-
tion)
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Figure 8.9: Evolution of stress ratio in lumpy samples at different stress
level (simulation)
8.4.4 An improvement of the model
Although the performance of the model is satisfactory, there is still a slight
difference between the model and the test data, especially for those with
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high volume fractions of the lumps (Lumpy-C2, Lumpy-C3 and Lumpy-
C7). A possible influencing factor responsible for this difference may be
the arrangement of the lumps in the composite specimen. Both the ho-
mogenization law (Eq. 21) and numerical analysis are based on the ran-
dom distribution of the lumps. However, the size of the specimen for the
oedometer test is not large enough to approach a relatively random distri-
bution structure. For a better performance of the model, the contribution
of the lumps may be adjusted through an additional parameter γ:
log
dp¯′
d¯v
= ne log
dp¯′r
d¯v,r
+ γ(1− ne) log dp¯
′
l
d¯v,l
(8.32)
Here, γ is a structural parameter taking into account the difference between
the randomly distributed structure and the real one. Combing Eqs (8.6),
(8.8), (8.9), (8.10) and (8.32), the overall stiffness of the lumpy soil within
the overconsolidation range of the lumps can be calculated as
dp¯′
d¯v
=
p¯
′γ(1−ne)
l p¯
′ne
r
κγ(1−ne)λ1ne
(8.33)
The stress ratios correspond to:
µp¯,l =
dp¯′l
dp¯′
=
1− ( κγ p¯′r
λ1p¯
′γ
l
)(1−ne)
(1− ne)(1− κp¯′rλ1p¯′l )
(8.34)
µp¯,r =
dp¯′r
dp¯′
=
1− (1− ne)µp¯,l
ne
(8.35)
After the lumps reach the normal compression regime, the overall stiffness
of the lumpy soil is
dp¯′
d¯v
=
p¯
′γ(1−ne)
l p¯
′ne
r
λ2
γ(1−ne)λ1ne
(8.36)
and the stress ratios are
µp¯,l =
dp¯′l
dp¯′
=
1− (λ2γ p¯′r
λ1p¯
′γ
l
)(1−ne)
(1− ne)(1− λ2p¯′rλ1p¯′l )
(8.37)
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µp¯,r =
dp¯′r
dp¯′
=
1− (1− ne)µp¯,l
ne
(8.38)
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Figure 8.10: Influence of the structural parameter γ on the compression
model for lumpy soil
The structural parameter γ can be calibrated using trial and error method
as shown in Fig. 8.10. For a given volume fraction one can find a suitable
value of γ to get a better performance of the model. However, in engineering
practice, the lumps can be supposed to be randomly distributed in the
reconstituted soil due to the disintegration of the lumps from the surface
inwards, therefore the original model (without γ) can be used.
8.5 Conclusions
A lumpy composite structure results from the structure degradation of fresh
landfills. The compression behaviour of the artificial lumpy composite soils
is investigated in this chapter both experimentally and theoretically. The
following summaries can be drawn:
(1) The volume of the lumpy composite soil is divided into four individual
parts according to its composition, including the partial volumes of the
solids and voids. The inter-lump porosity is introduced to account for the
evolution of the volume fractions of the constituents. It is formulated as a
function of the overall porosity and those of its constituents.
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(2) A homogenization method is proposed for the lumpy structure and its
verification is done based on a numerical procedure. It relates the overall
tangent stiffness of the lumpy composite soil to those of its constituents.
(3) A simple compression model is proposed based on the homogenization
method. The predicted data are consistent with the test results. The
inter-lump porosity and stress distribution of the lumpy composite soil can
be assessed with the proposed model. Finally, a structure parameter γ is
incorporated to consider the arrangement of the lumps in the composite
soil.
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consolidation behaviour of
lumpy composite soils
9.1 Introduction
For the excavated clayey cover of a coal seam in open-pit mining, the re-
sulting fresh landfills are dumped without any compaction and thus has
a relatively open structure. As investigated by (Masˇ´ın et al., 2005), the
initial inter-lump porosity arising from the filling reaches up to ca 45% and
the inter-lump hydraulic conductivity is several orders higher than that of
the stiff lumps. Therefore, the water flowing through the landfills prefers
the inter-lump voids of higher order permeability. However, the lumps in
the upper layer may be partially transformed into a reconstituted soil, oc-
cupying the inter-lump voids. The resulting material still has a double
porosity structure: the porosity of the inter-lump material (reconstituted
soil) is higher than that of the intra-lump one (lumps) and the lumps are
randomly distributed in the reconstituted soil. Compared with its original
structure, the filling of reconstituted soil in the inter-lump spaces may de-
crease the overall permeability of the lumpy soils. Nevertheless, there is
still a significant difference in the consolidation behaviour of its two con-
stituents.
In the presented study, a general framework is proposed based on the dou-
ble porosity concept and the homogenization theory. The following issues
are treated: (1) A representative volume of lumpy composite soils is di-
vided into four divisions and the corresponding differential equations are
formulated based on the balance of mass; (2) As a crucial parameter for
the lumpy composite structure, the inter-lump porosity is formulated as
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a function of the overall porosity and those of its constituents; (3) To ac-
count for the stress (strain) concentration of the lumpy composite structure,
a homogenization law is used based on the analysis of the soil structure;
(4) The hydraulic conductivities of the inter-lump material (lumps) and
intra-lump material (reconstituted soil) are approximated by the same set
of parameters, which are linear to the corresponding specific volumes in
double logarithmic plot; (5) A new relationship between the strains and
the absolute velocities of the solid skeleton is proposed for the lumpy soils,
which can avoid the influence of rigid displacement of the lumps and thus
lead to more accurate results. The model simulations are compared with
the experimental data, indicating that the proposed model can well repre-
sent the consolidation curves of the lumpy composite soil observed in the
laboratory.
9.2 Basic components for the model
As mentioned above, the lumpy material from old landfills is a composite
soil, which consists of the lumps and the reconstituted soil within the inter-
lump voids. Several issues should be stated first: (1) the volume divisions of
the lumpy soils; (2) the inter-lump porosity and its formulation; (3) stress
and strain distributions and (4) permeability behaviour of the constituents.
The first three issues have been discussed in the Chapter 8. However, some
equations are still given in this chapter for completeness of the proposed
model.
9.2.1 Volume groups of the lumpy soil
Due to a significant difference in the compressibility between the lumps and
the reconstituted soil, the volume fraction of the inter-lump material (re-
constituted soil) is not constant during the consolidation. A representative
volume of the lumpy soil can be divided into four volume groups: the voids
in the reconstituted soil (Vi,r); the solid in the reconstituted soil (Vs,r); the
voids in the lumps (Vi,l) and the solid in the lumps (Vs,l).
The overall porosity (nt) is defined as
nt =
Vi,r + Vi,l
Vr + Vl
(9.1)
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It can be decomposed into the inter-lump porosity (porosity of the recon-
stituted soil, noting that this definition is different from that of Herbstova´
and Herle, 2009) nr =
Vi,r
Vr
and intra-lump porosity (porosity of the lumps)
nl =
Vi,l
Vl
, respectively:
nt = nenr + (1− ne)nl (9.2)
where ne is the volume fraction of the reconstituted soil in the lumpy com-
posite:
ne =
Vr
Vt
(9.3)
It can be formulated with the overall porosity and those of its constituents
as
ne =
nt − nl
nr − nl (9.4)
Eq. (9.4) is different from the formulation in other publications (Yang et
al., 2005; Herbstova´ and Herle, 2009; Kostkanova´ et al., 2014; Shi and
Herle, 2014), which deal only with the fresh lumpy soils with no reconsti-
tuted soil in the inter-lump voids. Eq. (9.4) will be used in the sequel to
update the volume fraction of the reconstituted soil with the change of the
consolidation stress. nt, nr and nl are related to the corresponding void
ratios:
nt =
et
1 + et
; nr =
er
1 + er
; nl =
el
1 + el
(9.5)
where et denotes the overall void ratio, er and el represent the void ratios
of the constituents, respectively.
9.2.2 Stress and strain distributions for the lumpy soil
Many experimental results have shown that natural soils are anisotropic.
Their structure is related to stress conditions due to the sedimentation
and post-sedimentation process (Mitchell and Wong, 1973; Leroueil and
Vaughan (1990); Chandler, 2000; Wheeler et al., 2003). On the contrary,
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the lumps of the mining landfills are randomly distributed in the recon-
stituted soil. Therefore the material can be adequately represented by an
isotropic structure. The compression behaviour of the constituents can be
approximated as follows (Butterfield, 1979):
reconstituted soil in the inter-lump voids:
dr =
λdσ¯′r
σ¯′r
(9.6)
lumps in the preloaded regime (semi-elastic regime):
dl =
κdσ¯′l
σ¯′l
(9.7)
and the lumps in the normally-consolidated regime:
dl =
λndσ¯
′
l
σ¯′l
(9.8)
where i and σ¯
′
i (i=l,r) are the vertical strains and effective vertical stresses
of the constituents; λ is the slope of the normal compression line of the
reconstituted soil; κ is the slope of the compression line of the natural
lumps within the semi-elastic range; λn is the slope of the compression line
of lumps beyond the semi-elastic regime (λn is not a constant due to the
structure degradation).
In many cases, the original in-situ stress of the stiff lumps prior to their
excavation is relatively high. E.g. in the Most Basin the original thickness
of the sedimentary soil is as much as 550 m (Herbstova´ and Herle, 2009).
Hence, the stress in the lumps due to the overburden of a landfill can
hardly surpass their original in-situ stress. Consequently, the behaviour of
the lumps lies in the semi-elastic range and only Eq. (9.7) can be used as
a compression model for the lumps in the sequel.
Based on the numerical simulation and laboratory results, Shi and Herle
(2016a, 2016b) proposed a homogenization law for the lumpy soils. The
stiffness of a lumpy soil can be obtained from
log
dσ¯′
d
= ne log
dσ¯′r
dr
+ (1− ne) log dσ¯
′
l
dl
(9.9)
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where σ¯′ and  are the overall effective stress and strain, respectively. The
stress (strain) concentration ratio is defined as the ratio between the stress
(strain) of each constituent and the overall value in the lumpy materials
(Hill, 1963):
µσ,i =
dσ¯′i
dσ¯′
; µ,i =
di
d
(i = l,r) (9.10)
Using the above equations, the overall (effective) stiffness and the stress
(strain) ratio of the lumpy soil can be determined for a particular volume
fraction of the reconstituted soils (ne). Combining Eqs. (9.6), (9.7), (9.9)
and (9.10), one obtains the overall stiffness and stress (strain) ratios of the
lumpy composites:
overall effective stiffness:
dσ¯′
d
=
(σ¯′l)
(1−ne)(σ¯′r)ne
κ(1−ne)λne
(9.11)
stress ratios:
µσ,l =
1− (κσ¯′r
λσ¯′l
)(1−ne)
(1− ne)(1− κσ¯′rλσ¯′l )
(9.12)
µσ,r =
1− (1− ne)µσ,l
ne
(9.13)
strain ratios:
µ,l = µσ,l
(
κσ¯′r
λσ¯′l
)ne
(9.14)
µ,r =
1− (1− ne)µ,l
ne
(9.15)
9.2.3 Permeability properties of the constituents
Series of falling head hydraulic conductivity tests were performed by Zeng et
al. (2011) on both undisturbed and remolded specimens of four soils from
China. As shown in Figure 9.1, the hydraulic conductivity is governed
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by its void ratio no matter whether the soil is undisturbed or remolded.
Furthermore, the change of hydraulic conductivity can be expressed by a
straight line in the bilogarithmic plot between ln(1 + e) and ln k.
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Figure 9.1: Comparison of the permeability properties between the undis-
turbed soils and their reconstituted counterparts (Zeng, et al., 2011)
Therefore, the hydraulic conductivities of the inter-lump material (lumps)
and intra-lump material (reconstituted soil) can be approximated by the
same set of parameters:
ln kl = C − ξ ln(1 + el) (9.16)
ln kr = C − ξ ln(1 + er) (9.17)
where kl and kr are the hydraulic conductivity of the lumps and reconsti-
tuted soil, respectively.
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9.3 Derivation of the governing equations
In the previous studies, the fractured porous media was divided into two
systems: the inter-block system and the intra-block system. As their defi-
nition (Aifantis, 1982), the inter-block system is made of the porous blocks
and and the fissures which separate the blocks. The intra-block system con-
sists of the porous blocks containing the micro-voids. Yang et al. (2002)
applied the same definitions to the lumpy soils. However, this definition
of inter-lump (inter-block) system is not a good choice for the lumpy com-
posite structure: (1) it is not reasonable to apply the balance of mass
equation to the inter-lump system, because it consists of two materials, the
soil lumps and the reconstituted soil within the inter-lump voids; (2) it
is difficult to determine the permeability of this system in the laboratory,
since the measured value corresponds to the overall value of the lumpy soil.
In the present study, the lumpy soil is also divided into two systems, the
inter-lump system and the intra-lump system. However, both of them are
conventional soil elements. The intra-lump system is the same as Aifantis’s
(1982) definition (Vls + Vlf ), while the inter-lump system consists of the
reconstituted soil in the inter-lump voids. This inter-lump soil is composed
of the soil particles and the voids between them (Vs,r + Vi,r).
9.3.1 Mass balance equations
The present chapter uses the continuum principles to derive an expression
for balance of mass for the lumps and the reconstituted soil. First of all,
the volume fractions of each constituent should be determined. According
to the definition, the volume fractions of the solid fl,s and voids fl,f in the
lumps can be formulated as
fl,s = (1− ne)(1− nl) (9.18)
fl,f = (1− ne)nl (9.19)
and the volume fractions of the solid frs and voids frf of the reconstituted
soil within the inter-lump voids as
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fr,s = ne(1− nr) (9.20)
fr,f = nenr (9.21)
Averaging operators are necessary to derive average macroscopic quantities
from microscopic quantities. In the following, the volume averaging opera-
tor is applied to the proper definition of the densities for the constituents.
Consider a point x in the present configuration, the corresponding density
of the soil particle (fluid) is indicated by ρs(x,t) (ρf (x,t)), t denotes time.
The partial densities of the constituents (de Boer, 2000) are defined as
follows:
ρ¯l,s =
1
Vt
∫
Vt
ρs(x,t)χl,s(x,t)dV = (1− ne)(1− nl) 1
Vl,s
∫
Vt
ρs(x,t)χl,s(x,t)dV
(9.22)
ρ¯l,f =
1
Vt
∫
Vt
ρs(x,t)χl,f (x,t)dV = (1− ne)nl 1
Vl,f
∫
Vt
ρf (x,t)χl,f (x,t)dV
(9.23)
ρ¯r,s =
1
Vt
∫
Vt
ρs(x,t)χr,s(x,t)dV = ne(1− nr) 1
Vr,s
∫
Vt
ρs(x,t)χr,s(x,t)dV
(9.24)
ρ¯r,f =
1
Vt
∫
Vt
ρs(x,t)χr,f (x,t)dV = nenr
1
Vr,f
∫
Vt
ρf (x,t)χr,f (x,t)dV (9.25)
where χi,s(x,t) and χi,s(x,t) (i = l,r) are indicator functions: when x is
located in the space of the corresponding constituent, their values are 1,
otherwise they equal 0. The inter-lump material results from the disin-
tegration of the lumps, therefore, the densities of the soil particles do not
change. Furthermore, if the soil particles are supposed to be incompressible,
ρs(x,t) is a constant. The same assumption is applied to the fluids. When
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notations ρs and ρf are used for the soil particles and fluids, respectively,
several terms in Eqs (9.22) - (9.25) can be simplified:
1
Vl,s
∫
Vt
ρs(x,t)χl,s(x,t)dV =
1
Vr,s
∫
Vt
ρs(x,t)χr,s(x,t)dV = ρs (9.26)
1
Vl,f
∫
Vt
ρf (x,t)χl,f (x,t)dV =
1
Vr,f
∫
Vt
ρf (x,t)χr,f (x,t)dV = ρf (9.27)
The balance equations can be formulated for each individual constituent.
Introducing the balance equation of mass for the solid phase in the lumps,
we get
∂ρ¯l,s
∂t
+
∂
∂x
(ρ¯l,s ∗ vls) = Θs (9.28)
where vls is the absolute velocity of the soil particles in the lumps, Θs is
the rate of exchange of soil particles between the inter-lump material and
the intra-lump material.
Due to a significant difference in the void ratio between the lumps and
the reconstituted soils, the lumps disintegrate from the surface inwards.
Analogously to the exchange of fluid between inter-lump and intra-lump
phases (Barenblatt et al., 1960), one may assume that the rate of exchange
is governed by the difference in the porosity as
Θs = βsρs(nl − nr) (9.29)
where βs is a parameter which controls the rate of particle exchange between
inter-lump and intra-lump phases.
Combining Eqs (9.22), (9.28) and (9.29), the following equation can be
obtained:
− ∂
∂t
[(1− ne)nl]− ∂
∂x
[(1− ne)nlvls] + ∂
∂t
(1− ne) + ∂
∂x
[(1− ne)vls]
= βs(nl − nr) (9.30)
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The following balance equation is obtained for fluid phase in the lumps
∂ρ¯l,f
∂t
+
∂
∂x
(ρ¯l,f ∗ vlf ) = Γf (9.31)
where vlf is the absolute velocity of the fluid in the intra-lump voids. Γf
is the rate of exchange of fluid between the inter-lump material and the
intra-lump material. After Barenblatt et al. (1960) and Warren & Root
(1963), Γf is given by
Γf = βfρf (ur − ul) (9.32)
where βf is a parameter which controls the rate of fluid exchange between
inter-lump and intra-lump phases; ul and ur are pore pressures in the lumps
and reconstituted soil, respectively.
The relativie fluid velocity vlr in the lumps can be defined as
vlr =
1
Vt
∫
Vt
(vlf − vls)χl,f (x,t)dV = (1− ne)nl(vlf − vls) (9.33)
Now considering Eqs (9.31) - (9.33), one can write
∂
∂t
[(1− ne)nl] + ∂
∂x
[(1− ne)nlvls] = βf (ur − ul)− ∂vlr
∂x
(9.34)
The relative fluid velocity can be related to the pore pressure with Darcy’s
law. Its mathematical representation can be written as
vlr = − kl
γw
∂ul
∂x
(9.35)
where γw is the unit weight of fluid. Substitution of Eq. (9.35) into Eq.
(9.34) yields was
∂
∂t
[(1− ne)nl] + ∂
∂x
[(1− ne)nlvls] = βfρf (ur − ul) + kl
γw
∂2ul
∂x2
(9.36)
Combining Eqs (9.30) and (9.36) gives
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kl
γw
∂2ul
∂x2
+βf (ur−ul) +βs(nl−nr) = ∂
∂x
[(1− ne)vls] + ∂
∂t
(1−ne) (9.37)
If both sides of Eq. (9.37) are multiplied by a unit weight (1 kg), the
left hand side is the rate of mass flow out of the lumps: the first term is
related to the fluid out of the lumps, the other two are the fluid and particle
transfers between the lumps and the reconstituted soil, respectively; The
right hand side is the rate of mass change due to the deformation and
volume fraction of the lumps.
Analogously, one can write the balance equations of mass for the solid and
fluid phases for the inter-lump material:
∂ρ¯r,s
∂t
+
∂
∂x
(ρ¯r,s ∗ vrs) = −Θs (9.38)
∂ρ¯r,f
∂t
+
∂
∂x
(ρ¯r,f ∗ vrf ) = −Γf (9.39)
where vrf is the absolute fluid velocity in the reconstituted soil. The rela-
tivie fluid velocity (vrr) in the reconstituted soil can be defined as
vrr =
1
Vt
∫
Vt
(vrf − vrs)χr,f (x,t)dV = nenr(vrf − vrs) (9.40)
Applying Darcy’s law to the inter-lump material (reconstituted soil), one
can obtain
vrr = − kr
γw
∂ur
∂x
(9.41)
Using a similar procedure as the derivation for the lumps, one can write
the following equation for the mass balance of the inter-lump material:
kr
γw
∂2ur
∂x2
− βf (ur − ul)− βs(nl − nr) = ∂
∂x
(nevrs) +
∂ne
∂t
(9.42)
Eq. (9.42) has a similar form to Eq. (9.37), the left hand side is related
to the net mass flow out of the reconstituted soil; The right hand side is
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related to the mass change due to the deformation (first term) and volume
fraction (second term) of the reconstituted soil.
Eqs (9.37) and (9.42) are the governing equations describing the flow (ex-
change) for the lumps and reconstituted soil in the lumpy materials. The
summation of Eqs (9.37) and (9.42) over all constituents leads to
kl
γw
∂2ul
∂x2
+
kr
γw
∂2ur
∂x2
=
∂
∂x
[(1− ne)vls] + ∂
∂x
(nevrs) (9.43)
This is the balance equation for the lumpy material as a whole body.
Introducing Lagrangian total derivative concept, which considers both the
local rate of change and convective rate of change, dis()dt = vis
∂()
∂x +
∂()
∂t (i =
l,r). Eqs (9.37) and (9.42) can be rewritten as
kl
γw
∂2ul
∂x2
+ βf (ur − ul) + βs(nl − nr) = (1− ne)∂vls
∂x
+
dls
dt
(1− ne) (9.44)
kr
γw
∂2ur
∂x2
− βf (ur − ul)− βs(nl − nr) = ne∂vrs
∂x
+
drsne
dt
(9.45)
9.3.2 Equilibrium differential equation
Based on the one-dimensional equilibrium equation and the effective stress
concept, one can write the following equation for the overall behaviour of
the lumpy materials:
∂σ¯′
∂x
+
∂u
∂x
+ γ = 0 (9.46)
where u is the overall pore pressure of the lumpy material, γ is the unit
weight of the saturated lumpy soil.
Substitution Eq. (9.11) into Eq. (9.46) yields
σ¯′
λ¯
∂
∂x
+
∂u
∂x
+ γ = 0 (9.47)
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where λ¯ is the overall (effective) compression coefficient:
λ¯ =
(
κσ¯′
σ¯′l
)(1−ne)(λσ¯′
σ¯′r
)ne
(9.48)
 is the overall vertical strain, which is related to the overall displacement
of the lumpy skeleton:
 = −∂ux
∂x
(9.49)
where ux denotes the overall vertical displacement of the lumpy soil. Com-
bining Eqs (9.47) and (9.49) yields
− σ¯
′
λ¯
∂2ux
∂x2
+
∂u
∂x
+ γ = 0 (9.50)
9.3.3 Simplification of the model
The differential Eqs (9.44), (9.45) and (9.50) are the governing equations for
the flow and deformation of the lumpy soils. There are too many unknowns.
However, several of them can be eliminated.
From the definitions of the porosities, we have
nenr =
Vi,r
Vt
(9.51)
Differentiation of Eqs (9.3) and (9.51) gives
dne =
dVr − nedVt
Vt
(9.52)
d(nenr) =
dVi,r − nenrdVt
Vt
(9.53)
Based on the compression model of lumpy soils, one can write the volume
change dVt of the lumpy soil and that of the inter-lump material dVr:
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dVt = − λ¯
σ¯′
Vtdσ¯
′ (9.54)
dVr = − λ
σ¯′r
µσ,rneVtdσ¯
′ (9.55)
Note that the water in the voids can be assumed to be incompressible and
therefore the volume change of the fluid in the reconstituted soil equals the
overall volume change of reconstituted soil:
dVi,r = dVr = − λ
σ¯′r
µσ,rneVtdσ¯
′ (9.56)
Substitution of Eqs (9.54) - (9.56) into Eqs (9.52) and (9.53) yields
dne =
(
λ¯
σ¯′
− λ
σ¯′r
µσ,r
)
nedσ¯
′ (9.57)
d(nenr) =
(
λ¯
σ¯′
nr − λ
σ¯′r
µσ,r
)
nedσ¯
′ (9.58)
d [ne(1− nr)] = dne + d(−nenr) = λ¯
σ¯′
ne(1− nr)dσ¯′ (9.59)
Eq (9.38) can be expanded into the form
∂
∂t
[ne(1− nr)] + vrs ∂
∂x
[ne(1− nr)] = βs(nl−nr)−ne(1−nr)∂vrs
∂x
(9.60)
Noting that for the old clayfills, the particle exchange parameter βs is
relatively low. It can be assumed that βs = 0. Using Lagrangian total
derivative concept, Eq (9.60) can be rewritten as
drs
dt
[ne(1− nr)] = −ne(1− nr)∂vrs
∂x
(9.61)
Note that in general vis
∂()
∂x  ∂()∂t (i = l,r), thus, dis()dt ≈ ∂()∂t (i = l,r) and
dls
dt ne =
drs
dt ne. From Eqs (9.57) - (9.59), one can write
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drs
dt
ne =
(
1− λσ¯
′µσ,r
λ¯σ¯′r
)
1
1− nr
drs
dt
[ne(1− nr)] (9.62)
Combining Eqs (9.61) and (9.62) gives
dls
dt
ne =
drs
dt
ne = −
(
1− λσ¯
′µσ,r
λ¯σ¯′r
)
ne
∂vrs
∂x
(9.63)
Substitution of Eq. (9.63) into Eqs (9.44) and (9.45) yields (noting that
βs ≈ 0 for old lumpy soils)
kl
γw
∂2ul
∂x2
+ βf (ur − ul) = (1− ne)∂vls
∂x
+
(
1− λσ¯
′µσ,r
λ¯σ¯′r
)
ne
∂vrs
∂x
(9.64)
kr
γw
∂2ur
∂x2
+ βf (ul − ur) = λσ¯
′µσ,r
λ¯σ¯′r
ne
∂vrs
∂x
(9.65)
The velocities of the skeleton for the constituents are related to the corre-
sponding overall velocity of skeleton for the lumpy soil. Figure 9.2 shows
the relationship between the overall velocity and those of its constituents.
Obviously, it is different from the homogeneous soils. E.g. the deformation
of the inter-lump material can induce a rigid displacement of the lumps.
The strain of the lumps can be expressed as a function of the velocities of
the skeleton for its constituents
dl = − ∂
∂x
(vls − vrs) (9.66)
The relationship between overall strain and the overall velocity of the skele-
ton for the lumpy soil:
d = −∂vs
∂x
(9.67)
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Figure 9.2: Relationship between the overall velocity and these of its con-
stituents
The differentiation of the overall velocity can be expressed as
∂vs
∂x
= (1− ne)∂vls
∂x
+ ne
∂vrs
∂x
(9.68)
The overall strain has a similar form
d = (1− ne)dl + nedr (9.69)
From Eqs (9.10), (9.49), (9.66) - (9.69), the differentiations of the velocities
of the constituents are given by
∂vls
∂x
=
1− n2eµ,r
1− ne
∂2ux
∂x∂t
(9.70)
∂vrs
∂x
= neµ,r
∂2ux
∂x∂t
(9.71)
Substitution of Eqs (9.70) and (9.71) into Eqs (9.64) and (9.65) gives
kl
γw
∂2ul
∂x2
+ βf (ur − ul) = (1− α¯)∂
2ux
∂x∂t
(9.72)
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kr
γw
∂2ur
∂x2
+ βf (ul − ur) = α¯ ∂
2ux
∂x∂t
(9.73)
α¯ =
λσ¯′n2eµσ,rµ,r
λ¯σ¯′r
(9.74)
After Khaled (Khaled, 1980), the overall pore water pressure u can be
expressed by those of its constituents as
∂u
∂x
= (1− α¯)∂ul
∂x
+ α¯
∂ur
∂x
(9.75)
With Eq. (9.75), the equilibrium differential equation can be given by
− σ¯
′
λ¯
∂2ux
∂x2
+ (1− α¯)∂ul
∂x
+ α¯
∂ur
∂x
+ γ = 0 (9.76)
9.4 Finite element analysis
The previous section gives the general form of the governing equations
for the lumpy soils. It contains three coupled differential Equations (Eqs
(9.72), (9.73) and (9.76)) with variant coefficients in the three unknown field
variables ux, ul and ur. The finite element formulation can be approximated
using Galerkin’s weighted residuals method, which has been used by many
researchers (Khaled et al., 1984; Valliappan and Khalili-Naghadeh, (1990);
Yang et al., (2005)) for the consolidation model.
A three-noded bar element is used in this study (see Figure 9.3), which gives
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a linear variation of pore pressure and a quadratic variation of displacement.
Figure 9.3: One dimensional element
The shape functions for the displacement field {Nu} and the pore pressure
{Np} are given by
{Nu} = [0.5ζ(ζ − 1), 0.5ζ(ζ + 1), (1− ζ2)] (9.77)
{Np} = [0.5(1− ζ), 0.5(1 + ζ)] (9.78)
where ζ = 2x/h is the local variable.
Displacement and pore water pressure fields
ux(x) = {Nu}{ux}; ul(x) = {Np}{ul}; ur(x) = {Np}{ur} (9.79)
where ux, ul and ur are node point displacement and pore water pressures,
respectively.
Apply Galerkin’s weighted residuals method, the governing equations can
be formulated as
[K]{ux}+ (1− α¯)[C]{ul}+ α¯[C]{ur} = {R} (9.80)
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(1− α¯)[C]T{u˙x} − ([H1] + [G]){ul}+ [G]{ur} = {Q1} (9.81)
α¯[C]T{u˙x}+ [G]{ul} − ([H2] + [G]){ur} = {Q2} (9.82)
where
[K] =
∫
{B}T σ¯
′
λ¯
{B}dx; [C] =
∫
{B}T{Np}dx (9.83)
{R} =
∫
{Nu}Tγdx+
∫
s
{Nu}Tσ¯nds; [G] = βf
∫
{Np}T{Np}dx (9.84)
[H1] =
kl
γw
∫
{E}T{E}dx; [H2] = kr
γw
∫
{E}T {E}dx (9.85)
{Q1} =
∫
s
{Np}Tvl,nds; {Q2} =
∫
s
{Np}Tvr,nds (9.86)
σ¯n represents the normal stress acting on an element boundary; vl,n and
vr,n are the prescribed seepage velocities of the lumps and reconstituted
soil on the boundary, respectively; {B} and {E} are the differentiation of
the shape functions for the displacement field and the pore pressure
{B} = −2
h
[0.5− ζ,−0.5− ζ, 2ζ] (9.87)
{E} = 2
h
[−0.5, 0.5] (9.88)
Integrate the differential equation with a time increment (from t to t+ δt)
∫ t+δt
t
f(t)dt = ((1− θ)f(t) + θf(t+ δt))δt (9.89)
For the stability of the integration, set θ = 1, δf(t) = f(t + δt) − f(t).
This results to a step-by-step implicit integration scheme for the governing
equations as
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[K]{δux}+ (1− α¯)[C]{δul}+ α¯[C]{δur} = {δR} (9.90)
(1− α¯)[C]T{δux} − ([H1] + [G])δt{δul}+ [G]δt{δur} = {δR2} (9.91)
α¯[C]T{δux} − ([H2] + [G])δt{δur}+ [G]δt{δul} = {δR3} (9.92)
where
{δR} =
∫
{Nu}Tγδtdx+
∫
s
{Nu}Tσ¯t+δtn δtds (9.93)
{δR2} = ([H1] + [G])δt{ul}t − [G]δt{ur}t +
∫
s
{Np}T vt+δtl,n δtds (9.94)
{δR3} = ([H2] + [G])δt{ur}t − [G]δt{ul}t +
∫
s
{Np}T vt+δtr,n δtds (9.95)
9.5 Model parameters and sensitivity analysis
Eqs (9.90) - (9.92) provide the matrix form of the governing equations for
the computer programming. There are six principal parameters for the
model. N and λ are compression parameters, which can be calibrated from
an oedometer test of reconstituted soils; κ is a compression parameter for
undisturbed lumps. It is suggested to calibrate this parameter from an
isotropic compression test, since the lumps are randomly distributed in the
reconstituted soil. C and ξ are permeability parameters, which are shared
by both the lumps and reconstituted soil within the inter-lump spaces.
Hence, one can calibrate this parameter from a falling head hydraulic con-
ductivity test; βf is water transfer parameter between the lumps and the
reconstituted soil, which can be calibrated by trial and error method.
There are several intermediate parameters, which are functions of the prin-
cipal parameters: E.g. kl and kr; µσ,r and µ,l; λ¯. All the intermediate
parameters should be updated at the end of each incremental time step.
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Parameter N λ κ C ξ βf
Sensitivity-1 1.43 0.11 0.01; 0.03; 0.05 -28.0 8.0 1E-9
Sensitivity-2 1.43 0.11 0.03 -28.0 8.0 1E-8;
Sensitivity-2 — — — — — 1E-9; 1E-10
Sensitivity-3 1.43 0.11 0.03 -28.0 6.0; 8.0; 10.0 1E-9
Table 9.1: Parameters of the compression model for sensitivity analysis
In the sequel, the influence of the model parameters on the consolidation
behaviour of lumpy soils is investigated. As can be seen in Table 9.1, three
principal parameters are discussed: (1) the ratio between the the slope of
the Normal Compression Line and that of the swelling line κ/λ, it represents
the stiffness relationship between the lumps and reconstituted soil, (2) the
fluid transfer parameter βf and (3) permeability parameter ξ. The pore
water pressures of the constituents and the degree of consolidation of lumpy
soils will be analyzed.
Figure 9.4: Size and boundary conditions for the simulated model
Consider a lumpy layer with a height of 20 cm (Figure 9.4) subjected to a
uniformly distributed load on the top surface (x = 0) which is assumed to
be freely-draining, whereas the bottom surface x = h =20 cm is assumed
to be rigid and impervious. It is also assumed that the load is applied
instantaneously. With these assumptions, the boundary conditions simplify
to
ul(0,t) = ur(0,t) = 0; σ¯(0,t) = σ¯n (9.96)
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ux(h,t) = 0;
∂ul
∂x
(h,t) =
∂ur
∂x
(h,t) = 0 (9.97)
where σ¯n is the surcharge load on the top surface and σ¯ denotes the overall
total stress of the lumpy soil. The initial stress distribution is supposed
to be uniform, σ¯′l(x,0) = σ¯
′
r(x,0) = 10 kPa. The initial void ratios of
the constituents are el=1.20 and er=2.26, respectively. The corresponding
overall void ratio is 1.63, indicating an inter-lump porosity of 0.5 (calculated
from Eqs (9.4) and (9.5)). The model was discretized with 20 elements and
the applied surcharge load is 20 kPa on the top surface.
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Figure 9.5: Influence of the compression parameter κ/λ on the pore water
pressure in the constituents
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Figure 9.6: Influence of the compression parameter κ/λ on the degree of
consolidation
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Figures 9.5 and 9.6 show the influence of the compression parameter κ/λ on
the pore water pressures and the degree of consolidation. The excess pore
water pressure is not uniform after the surcharge pressure is applied and the
value in the lumps is relatively higher than that in the inter-lump material.
Additionally, the compression parameters have a significant influence on the
excess pore water pressures and their evolution. The constituents of the
lumpy soil shows more rapid dissipation of the excess pore water pressure
with a smaller value of κ.
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Figure 9.7: Influence of the fluid transfer parameter βf on the pore water
pressure in the constituents
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Figure 9.8: Influence of the fluid transfer parameter βf on the degree of
consolidation
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Figure 9.9: Influence of the permeability parameter ξ on the pore water
pressure in the constituents
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Figure 9.10: Influence of the permeability parameter ξ on the degree of
consolidation
Figures 9.7-9.10 show the influence of the fluid transfer parameter βf and
the permeability parameter ξ on the consolidation behaviour of lumpy soils.
Both of them affect the excess pore water pressures significantly and they
have similar mechanisms: A high fluid transfer parameter βf means a rapid
exchange of water between the lumps and the inter-lump material, which
accelerates the excess pore water pressure dissipation in the lumps. Analo-
gously, a higher permeability parameter ξ can induce a larger difference of
hydraulic conductivity between the lumps kl and the reconstituted soil kr.
The difference between the pore water pressure in the lumps and that in the
reconstituted soil is thus greater, indicating a more rapid transfer of water
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from the lumps to the inter-lump material (see Eq. (9.32)). Consequently,
the excess pore pressures dissipate more rapidly with a high permeability
parameter ξ.
9.6 Model evaluation
The soil used in this study is a high plasticity clay taken from an open clay
mine in Guttau city in east Germany. The basic physical properties and
the preparation of the soil are given in Chapter 3 and Chapter 8. The fresh
lumps were mixed with reconstituted soil and the samples were consolidated
at an initial vertical stress of 2.5 kPa. The vertical consolidation stress was
then gradually increased following steps of 5, 10, 20, 40, 100, 200, 400 kPa.
The duration of every load increment was 10-24 h in order to dissipate
excess pore pressures according to the corresponding consolidation curves.
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Figure 9.11: Compression curves of reconstituted soil and lumpy soil
Two different volume fractions of the lumps are used, one with a inter-lump
porosity of 0.75 and another of 0.71, denoted as Lumpy1 and Lumpy2,
respectively. Fig. 9.11 shows the compression data of the reconstituted
and lumpy specimens, the red points denote the preconsolidation test which
created the lumps, the corresponding effective vertical stress was calculated
from the effective mean stress: σ¯′ = 3σ¯
′
p
(1+2K0)
, where σ¯′p is the effective mean
stress and K0 is the lateral stress coefficient. From the compression curves
of the reconstituted soil, one can calibrate the compression parameters of
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the model. The calibration of the permeability parameter C and ξ is given
in Fig. 9.12, one can see a good linear relationship between the hydraulic
conductivity and the specific volume for the investigated soil in double
logarithmic plot. The values of the model parameters are given in Table
9.2, βf=1E-9 was calibrated by trial and error method.
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ln
 k
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Test data
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Figure 9.12: The relationship between hydraulic conductivity and specific
volume in double logarithmic plot
N λ κ C ξ βf
1.59 0.12 0.037 -30.1 8.1 1E-9
Table 9.2: Parameters of the compression model for the tested soil
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Figure 9.13: Comparison between the model Prediction and test data in
compression plane
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Figure 9.14: Evolution of the inter-lump porosity and stress ratio in lumpy
samples at different incremental stress levels (simulation)
The compression data at 2.5 kPa are not included in the model evaluation,
since the measurements may be not reliable at such a small stress level.
From Eqs. (9.4)-(9.7) and (9.11) (see Fig. 9.13), one can get the prediction
curves for Lumpy1 and Lumpy2. It can be seen that the compression data
can be well reproduced by the proposed model. The evolution of the stress
ratio is shown in Figs 9.14. Note that the stress ratio in this figure is defined
as the ratio of the stresses between the lumps and the reconstituted soil,
i.e. µ∗σ = σ¯′l/σ¯
′
r. It can be seen that the stress ratio increases rapidly at a
low stress level and remains approximately constant afterwards.
The specimens were idealized by 20 elements for FEM calculations. Both
the top surface x = 0 and bottom surface x = h (h=1.94 cm and 2.05 cm
for Lumpy1 and Lumpy2, respectively) were freely-draining, the bottom
surface was fixed and the surcharge load was applied stepwise.
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Figure 9.15: Prediction of the degree of consolidation for Lumpy-1
Figs 9.15 and 9.16 show the simulation degree of consolidation of the lumpy
composite soil loaded at different stress levels, the experimental data are
also plotted for comparison. It can be seen that the consolidation behaviour
of the lumpy material under 1-D conditions can be well represented by the
proposed model.
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Figure 9.16: Prediction of the degree of consolidation for Lumpy-2
9.7 Conclusions
A consolidation model was proposed for the lumpy composite soils within
the homogenisation framework. This model considers the nonuniform stress
(strain) distribution and evolution of the inter-lump porosity during the
consolidation process. A rigid displacement of the lumps following the
reconstituted soil is also considered in the model.
(1) Only six parameters are required for the model, five of them are simple
to calibrate on the basis of conventional laboratory tests and the last one
can be calibrated by trial and error method. This makes the model more
suitable for practical applications.
(2) The compression parameters (λ and κ) affect the consolidation be-
haviour due to the difference in stiffnesses between the lumps and the re-
constituted soil. The permeability parameters (A and ξ) control the dif-
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ference of hydraulic conductivity between the lumps and the reconstituted
soil, which in turn induces a gap between the pore water pressure in the
lumps and that in the reconstituted soil, indicating a rapider or slower
transfer of water between the constituents.
(3) Comparisons between the experimental data and model simulations
reveal that the proposed model can well reproduce the consolidation be-
haviour of the lumpy composite soil observed in the laboratory.
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10 A double logarithmic Hvorslev
surface for overconsolidated
soils
Preface: The laboratory part of this chapter summarizes the results pre-
sented in a Diploma thesis by Bergholz, K. (2009), entitled ”Experimentelle
Bestimmung von nichtlinearen Spannungsgrenzbedingungen”, presented to
the Institute of Geotechnical Engineering, Technical University of Dresden,
Germany. The original work was in German and the data for the overcon-
solidated samples were not published elsewhere.
10.1 Introduction
In open pit mining, coal seams are usually covered by thick sedimentary
layers, e.g. in the Most Basin (North-Western part of the Czech Republic)
where the original thickness of the sedimentary soil reached as much as 550
m, and the subsequent denudation ranged from 70 to 300 m (Herbstova and
Herle, 2009). Therefore, the preconsolidation pressure of the excavated stiff
lumps may even surpass 10 MPa. However, the in situ stress in the dumped
landfills is relatively low compared to the soil stress in the geological history.
I.e. the stiff lumps experienced a much higher preconsolidation pressure
than their current surrounding stress.
A homogenization law was proposed for lumpy composite soils in Chap-
ter 7. The mechanical behaviour of old lumpy soils can be modeled based
on the homogenization framework. But first of all, the behaviour of the
constituents (natural lumps and reconstituted soil within inter-lump voids)
should be described. The modeling approach is realized stepwise: In this
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chapter, a nonlinear Hvorslev surface is proposed for artificial overconsoli-
dated soils, which considers only the void ratio linked to overconsolidation.
The Hvorslev surface for natural lumps will be investigated in the next
chapter.
Early laboratory works (Henkel,1956; Hvorslev, 1937) revealed some fea-
tures of overconsolidated clays: The strength and pore water pressure
(undrained tests) or volumetric deformation were significantly affected by
the consolidation history; Under drained conditions, the heavily overcon-
solidated soils may show a peak strength and strain softening afterwards.
A failure process can also be observed in undrained triaxial tests accompa-
nied by shear localisation (Burland et al., 1996). Hvorslev (1937) used a
direct shear box to investigate the shear strength of overconsolidated soils.
The failure data for overconsolidated soils can be adequately approximated
by a linear relationship in the p′ - q stress plane (p′ being the effective
mean stress and q being the deviatoric stress). This linear relationship was
implemented in the constitutive models by many researchers (Zienkiewicz
and Naylor, 1973; Tanaka et al., 1986; Potts and Zdravkovic, 1999).
However, some recent works (Hattab and Hicher, 2004; Atkinson, 2007)
show that a linear line can not fit the peak strength of the highly overcon-
solidated clays accurately, especially at the low stress level. For this reason,
curved lines have been used to represent the peak strength on the dry side
of the critical state (Yao et al., 2012; Tsiampousi et al., 2013). However,
these models for the dry side are relatively complicated, which limits their
application. In this chapter, series of triaxial tests are presented for a silty
clay with various consolidation ratios. More attention is paid to the small
stress level range, which is comparable to the stress state of the lumps in
the open-pit mining. Based on the test results, Atkinson’s proposal (Atkin-
son, 2007) will be used for the basis of the model together with the critical
state concept (Roscoe and Burland, 1968).
10.2 Laboratory investigations
10.2.1 Material and test procedures
The soil used in this study is a silty clay. The physical properties are
given in Table 10.1. The samples for the triaxial test were prepared by
pouring slurry into a consolidometer (with a diameter of 3.8 cm) and then
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consolidating to 80 kPa by gradually adding slotted weights on the weight
hanger. It should be noted that the slurry for the isotropic consolidation
test and triaxial test should be with the same water content, since the
initial water content has a significant influence on the compression and
shear strength of the reconstituted clays (Hong et al., 2010, Hong et al.,
2013).
Density of particles Liquid limit Plastic limit Clay Silt Sand Gravel
g/cm3 % % % % % %
2.62 34.0 17.5 20 70 9 1
Table 10.1: Basic physical properties of the tested silty clay
Three types of triaxial tests were conducted: (1) undrained triaxial tests
for normally consolidated clay; (2) stress path controlled tests in the lightly
overconsolidated stress range; (3) stress path controlled tests in the heav-
ily overconsolidated stress range. The predefined stress paths of the 2nd
type are shown in Fig. 10.1 (left). The samples were first isotropically
consolidated to 800 kPa and subsequently unloaded to the prescribed cell
pressure. The following triaxial stress path is composed by two parts, a
conventional drained triaxial stress path ( dqdp′=3) followed by a stress path
with a constant axial force acting on the loading cap (load controlled tests).
A slight decrease of p′ was achieved by increasing the back pressure with a
given rate.
(a) type-2
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(b) type-3
Figure 10.1: Schematic figure for the applied stress paths
Fig. 10.1 (right) shows the predefined stress paths of the 3rd type. Af-
ter being unloaded to the desired cell pressure, linear stress paths with
increasing or decreasing p′ followed. In this way, the soil can be tested
at a relatively low stress level. A LabVIEW program was used to keep a
constant stress increment ratio ( dqdp′ ) during the tests. The cell pressure
decreases (or increases) with the increase of the axial force acting at the
loading cap. For more details of the LabVIEW program , see Bergholz
(2009) and Shi and Herle (2014).
10.2.2 Test results and analysis
Fig. 10.2 shows a compression curve from isotropic consolidation in terms
of overall specific volume (v = 1 + e) versus effective mean stress in a
double logarithmic plot. The sample was isotropically loaded to the the
consolidation pressure of 800 kPa, and then unloaded to 200 kPa. The
Normal Compression Line can be expressed in ln v-ln p′ plot (Butterfield,
1979) with the following equation:
ln v = N∗ − λ∗ ln(p′/pr) (10.1)
where pr=1 kPa is the reference stress and λ
∗ is the slope of the Normal
Compression Line in a double logarithmic v-p′ plane. In the sequel, the
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initial states of the overconsolidated samples are represented by the values
corresponding to the swelling line, which can be expressed as
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100 1000
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1+
e
p′ / kPa
Experimental data
NCL
Swelling Line
Figure 10.2: Compression and swelling curves under isotropic loading
ln v0 = N
∗ − λ∗ ln(p′c/pr) + κ∗ ln(p′c/p′0) (10.2)
where pc is the maximum consolidation pressure, p0 and v0 are the pressure
and specific volume at the beginning of shear, κ∗ is the slope of the swelling
line in ln v-ln p′ plane.
The experimental stress paths of the 2nd type of triaxial tests are shown in
Fig. 10.3 (for the consolidation pressure of 200 kPa). The stress path can
be divided into three possible stages: It initially follows the conventional
triaxial stress path to a certain stress state, then the deviatoric stress shows
a slight decrease with an increase of the back pressure (the axial force
remains constant). Finally, the deviatoric stress decreases rapidly and tends
towards the Critical State Line.
The mobilized friction angle is used to determine the strength of the soil.
It is defined as
φm =
σ′1 − σ′3
σ′1 + σ′3
(10.3)
where σ′1 and σ′3 are the major and minor principal stresses, respectively.
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Figure 10.3: Stress paths and the failure points of the triaxial tests: type-2
The failure points correspond to the maximum mobilized friction angle,
they are plotted in the p′-q plane. An approximately linear relationship
between p′ and q can be observed in the tested stress range. Since all the
tests in Fig. 10.3 were unloaded from the same preconsolidation pressure
(800 kPa), the fitting line corresponds to the linear Hvorslev line.
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Figure 10.4: Stress paths and the failure points of the triaxial tests: type-3
Fig. 10.4 presents the stress paths of the four triaxial tests of type-3 (OC-
50kPa-1, OC-50kPa-2, and OC-50kPa-3 were preconsolidated at 800 kPa,
OC-50kPa-4 with a preconsolidation pressure of 200 kPa). The failure
points are also presented at the state of maximum mobilized friction angle.
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The peak points lie above the Critical State Line and they do not follow the
Hvorslev Line fitted through the failure points of the triaxial tests type-2
(Fig. 10.3).
In order to exclude the influence of the void ratio, the test data can be
normalized by the Hvorslev equivalent pressure p′e
∗ (Hvorslev, 1937) con-
sidering
p′e
∗
= exp
(
N∗ − ln vf
λ∗
)
(10.4)
where vf = v0 exp(−vf) is the specific volume at the failure point obtained
from the corresponding volumetric strain vf . Combining Eqs (10.2) and
(10.4) one can plot the failure points at the normalized stress plane (Fig.
10.5). It can be seen that the data show a strong nonlinear relationship.
0.0
0.2
0.4
0.6
0.8
1.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
q/
p′ e∗
p′/p′e
∗
Failure points
Critical states
Figure 10.5: Normalization of failure points by the Hvorslev equivalent
pressure
10.3 Double logarithmic Hvorslev surface
After Hvorslev (1936), the failure envelope of overconsolidated soils can be
represented as a straight line. However, this gives satisfactory results only
for the soils with low and intermediate overconsolidation ratios. Atkinson
(2007) performed series of triaxial tests on kaolin clay and observed that
the linear relationship might overestimate the strength at low stress level.
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This is consistent with the test results in this chapter. Atkinson (2007)
proposed two methods which take into account the consolidation history
(Atkinson and Little, 1988). The simpler one is adopted here - it is a linear
relationship in double logarithmic plot between pp′e∗
and qp′e∗
,
q
Mp′e
∗ = α
(
p′
p′e
∗
)β
(10.5)
where M is a strength parameter defining the Critical State line, α and β
are model parameters which are not independent. Note that the normal-
ization pressure adopted in this chapter (p′e
∗) is different from that used by
Atkinson (2007).
Figure 10.6: Schematic figure for the revised Hvorslev surface within the
critical state concept
As shown in Fig. 10.6, the revised Hvorslev curve meets the yield curve of
the Modified Cam-clay model at the critical state, qcs = Mpcs (the subscript
cs termed as the critical state). Eq (10.5) can be simplified as
α =
(
p′cs
p′e
∗
)(1−β)
(10.6)
pcs is related to vcs (specific volume at the critical state) according to the
Critical State Line:
p′cs = exp
(
Γ− ln vcs
λ∗
)
(10.7)
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where Γ controls the position of the Critical State Line. Note that vf in Eq
(10.4) is the same as vcs at the critical state. Combining Eqs (10.6), (10.4)
and (10.7), one obtains it follows that
α = exp
(
(Γ−N∗)(1− β)
λ∗
)
(10.8)
For a given elasto-plastic model, the position of the Critical State line is
sufficiently defined by the yield surface on the wet side. E.g. if we use the
Modified Cam clay model, the following expression holds (Wood, 1990):
Γ−N∗ = −(λ∗ − κ∗) ln 2 (10.9)
The Hvorslev equivalent pressure can be expressed as a function of the
maximum consolidation pressure and the current effective mean stress:
p′e
∗
= p′c
(
1−κ∗
λ∗
)
p′
κ∗
λ∗ (10.10)
Substitution of Eqs (10.8) - (10.10) into Eq. (10.5), one can get the yield
surface on the dry side (logarithmic form is used here for its representation):
ln
( q
M
)
−
[
β +
κ∗
λ∗
(1− β)
]
ln p′ =
(
1− κ
∗
λ∗
)
(1− β) ln
(
p′c
2
)
(10.11)
It can be seen that the proposed revision of the Hvorslev surface is very sim-
ple compared to some other published works (Yao et al., 2012; Tsiampousi
et al., 2013).
10.4 Full constitutive model
10.4.1 Elastic behaviour
Within the framework of elasto-plasticity, the deformations are recoverable
within the current yield surface. The elastic volumetric strain increment
can be derived from the swelling line in ln p′-ln v relationship:
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dev = κ
∗dp′
p′
(10.12)
The elastic deviatoric strain increment can be expressed as
des =
2(1 + ν∗)
9(1− 2ν∗)κ
∗dq
p′
(10.13)
where ν∗ is the Poisson’s ratio.
10.4.2 The yield and plastic potential surfaces
Eq. (10.11) was derived from the Modified Cam clay model, in which the
effective mean stress at the apex of the ellipse (critical state) is half of the
preconsolidation pressure p′c on the p′ axis. In this case, the critical state
line in the compression plane is fixed, which restricts the performance of
the model. A generalization of the Modified Cam clay model was proposed
by McDowell and Hau (2003):
fw : q
2 +
M2
1− k
(
p′
p′c
) 2
k
p′c
2 − M
2p′2
1− k = 0; (k 6= 1) (10.14)
where k controls the shape of the yield surface. Obviously, the Modified
Cam clay model corresponds to k=2 in the generalized model.
The test results from CU triaxial tests on the normally consolidated soil
are presented in v-p plot (Fig. 10.7). The Normal Compression Line and
the Critical State Lines, using three values of k (1.6, 1.8 and 2.0), are also
plotted in Fig. 10.7. It can be concluded that the model with k=1.8 fits
the data better than the standard Modified Cam clay model (k=2.0).
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Figure 10.7: Test data (CU tests) of the normally consolidated soil and the
Critical State Lines
In the sequel, Eq. (10.14) with k=1.8 will be used for the yield surface on
the wet side of the critical state. Consequently, the location of the Critical
State Line (Eq. (10.9)) should be adjusted as follows:
Γ−N∗ = −(λ∗ − κ∗) ln ξ (10.15)
ln ξ =
k
2k − 2 ln k (10.16)
Considering Eqs (10.5), (10.8), (10.10) and (10.15), the Hvorslev surface
with Eq. (10.11) is revised as
fd : ln
( q
M
)
−
[
β +
κ∗
λ∗
(1− β)
]
ln p′ −
(
1− κ
∗
λ∗
)
(1− β) ln
(
p′c
ξ
)
= 0
(10.17)
Herewith, Eqs (10.14) and (10.17) are the yield surfaces on the wet and dry
side, respectively. Differentiation of the equations yields
∂fw
∂p′
=
2(M2p′2 − q2)
kp′
(10.18)
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∂fw
∂q
= 2q (10.19)
∂fw
∂p′c
= −2M
2
k
p′
2
k p′c
(1− 2k ) (10.20)
on the wet side of the critical state, and
∂fd
∂p′
= −
[
β +
κ∗
λ∗
(1− β)
]
1
p′
(10.21)
∂fd
∂q
=
1
q
(10.22)
∂fd
∂p′c
= −
(
1− κ
∗
λ∗
)
(1− β) 1
p′c
(10.23)
on the dry side of the critical state.
As discussed by Potts and Zdravkovic (1999), the associated flow is not a
good choice on the dry side : (1) it overestimates the shear dilatancy on
the dry side; (2) a discontinuity for direction of strain increments arises. A
non-associated flow rule can overcome the above shortcomings (Tanaka et
al., 1986; Tsiampousi et al., 2013). In the current chapter, a non-associated
flow rule is considered only on the dry side. The plastic potential function
is represented by Eq. (10.14). g(p′, q, p′c) = fw(p′, q, p′c).
10.4.3 Hardening parameter
The hardening (softening) behaviour is supposed to be isotropic and is
controlled by the preconsolidation pressure p′c, which is the intersection
between the yield surface (on the wet side) and the p′ axis. Hence, p′c is a
function of the plastic volumetric strain v:
dp′c =
p′c
λ∗ − κ∗d
p
v =
p′c
λ∗ − κ∗
∂g
∂p′
dλ (10.24)
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where dλ is the scalar multiplier. Note that a linear relationship is assumed
in the double logarithmic plot between specific volume v and effective mean
stress p′. The hardening (softening) parameter H is expressed as
H = − 1
dλ
∂fi
∂p′c
dp′c; (i = w, d) (10.25)
From Eqs (10.20) and (10.23)- (10.25), it follows
H =
4M2p′c(M2p′
2 − q2)
k2(λ∗ − κ∗)
(
p′c
p′
)(1− 2k )
(10.26)
on the wet side of the critical state and
H =
2(1− β)(M2p′2 − q2)
λ∗kp′
(10.27)
on the dry side of the critical state. The standard elastoplastic matrix
[Dep] requires the differentiation of the stress components, which can be
calculated from Eqs (10.18) - (10.23) and the chain rule.
10.5 Analysis of the model and its evaluation
10.5.1 Model parameters
There are seven parameters in the proposed model, i.e., M , N∗, λ∗, κ∗, ν∗, k
and β. Five of them are analogous to those in the Modified Cam Clay model
(Roscoe and Burland, 1968): the strength parameter M can be calculated
from the strength data of normally consolidated soils; N∗ and λ∗ define
the Normal Compression Line in the ln v-ln p compression plane, κ∗ is the
slope of the swelling line in double logarithmic plot. Note that N∗ should
be calibrated from the isotropic compression test. Actually, oedometer
tests are predominately used in the engineering practice. Following the
procedure suggested by Liu and Carter (2002), N∗ can be determined from
N˜∗ in oedometer test using
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N∗ = N˜∗ +
λ∗ − κ∗
2k − 2 k ln
[
1 + (k − 1)
(
3− sinφ
6− 4 sinφ
)2]
(10.28)
where φ is the critical state friction angle. It can be seen that the difference
between N˜∗ and N∗ is influenced by both the compression parameters and
the strength parameter.
k defines the shape of the yield surface on the wet side. Its influence will
not be investigated in the current chapter, since it was well analyzed by
McDowell and Hau (2003). The potential surface also depends on k. β
is a new parameter, which was introduced to consider the nonlinearity of
the yield surface on the dry side in the pp′e∗
- qp′e∗
plane. However, in terms
of p′-q relationship, the nonlinearity of the Hvorslev surface is affected
also by κ∗/λ∗. Fig. 10.8 shows the evolution of the yield surface on the
dry side with different values of κ∗/λ∗ and β. The following values of
model parameters were employed in the calculations: pc=800 kPa, and
k=2 (Modified Cam clay model). In the first case, four different values of
κ∗/λ∗ (0.1, 0.3, 0.5, and 1.0) were adopted, and β=0.7 is assumed. For the
analysis of β, κ∗/λ∗=0.3 was assumed, and four different values (0.5, 0.6,
0.7, and 1.0) were considered.
0
100
200
300
400
500
600
0 100 200 300 400 500
q 
/ k
Pa
p′ / kPa
κ∗/λ∗=0.1
κ∗/λ∗=0.3
κ∗/λ∗=0.5
κ∗/λ∗=1.0
0
100
200
300
400
500
600
0 100 200 300 400 500
q 
/ k
Pa
p′ / kPa
β=0.5
β=0.6
β=0.7
β=1.0
Figure 10.8: Evolution of the nonlinear Hvorslev surface for different values
of κ∗/λ∗ and β, respectively
It can be seen in Fig. 10.8 that both factors have significant influence on
the shape of the yield surface. The degree of nonlinearity decreases with the
increase of both parameters. For κ∗/λ∗ = 1 or β = 1, the model produces a
straight line corresponding to the yield surface of the Drucker-Prager model
(Drucker and Prager, 1952).
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 201 — #207
10.5 Analysis of the model and its evaluation 201
0.01
0.10
1.00
10.00
0.01 0.10 1.00 10.00
q/
p′ e∗
p′/p′e
∗
Experimental data
Fitting line
Figure 10.9: Calibration of the parameter β of the revised Hvorslev surface
(β=0.75)
The calibration of the shape parameter β is shown in Fig. 10.9. One can
notice a good linear relationship between the normalized stress invariants
in the double logarithmic plot. The Poisson’s ratio v was calibrated by trial
and error method. Note that, since N∗ was obtained from isotropic test,
it does not need any adjustment. The summary of all model parameters is
given in Table 10.2.
M N∗ λ∗ κ∗ k β ν∗
1.4 0.64 0.041 0.007 1.8 0.75 0.25
Table 10.2: Model parameters of the tested soil
10.5.2 Evaluation of the model
In order to investigate the influence of the preconsolidation pressure, a
triaxial test with pc=200 kPa was evaluated. From the model parameters
in Table 10.2, one can calculate the nonlinear Hvorslev surfaces for different
preconsolidation pressures (Fig. 10.10). The failure points from the triaxial
tests with different pc are also shown in this figure. The comparison between
the model and test data reveals a satisfactory performance, although there
is a slight difference between the model and the test data at higher stress
level.
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Figure 10.10: Comparison between the strength envelopes from the exper-
imental data and the model predictions
Fig. 10.11 shows the stress paths for the normally consolidated Dresden
clay in undrained triaxial tests. The experimental data show stress paths
with decreasing p′ which follow the Critical State Line afterwards. This be-
haviour reveals the response of medium dense sand, which may be caused by
the considerable content of the silt (70%) and sand (9%) in the tested soil.
The calculated stress paths of the normally consolidated samples approach
the Critical State Line and stop there.
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Figure 10.11: Laboratory results and numerical simulations (CU triaxial
tests on normally consolidated soil)
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As shown in Fig. 10.3, a linear Hvorslev line can well represent the fail-
ure behaviour of the Dresden clay within a slightly overconsolidated state.
However, at a low stress level, the failure points deviate substantially from
the linear Hvorslev line. Three samples (designated as OC-50kPa-1, OC-
50kPa-2, and OC-50kPa-3, respectively) were isotropically consolidated to
a mean effective stress of 800 kPa and another one to 200 kPa (designated
as OC-50kPa-4, respectively). Afterwards, they were allowed to swell to 50
kPa, resulting in OCR = 16 and 4, respectively.
Figs 10.12-10.15 show the comparison between the experimental data and
the model predictions in the highly overconsolidated range. The results are
represented in four different planes: (1) p′- q, (2) 1- q, (3) p′- v, and (4)
p′/p′e
∗- q/p′e
∗. The experimental stress paths have constant slopes in p′- q,
however, two distinct stages can be distinguished when being normalized by
the Hvorslev equivalent pressure p′e
∗. Initially decreasing p′/p′e
∗ indicates a
semi-elastic range, subsequently, after reaching the failure point, the state
travels along the revised Hvorslev surface.
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Figure 10.12: Laboratory results and numerical simulations (OC-50kPa-1)
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Figure 10.13: Laboratory results and numerical simulations (OC-50kPa-2)
0
20
40
60
80
100
0 10 20 30 40 50 60
q 
/ k
Pa
p′ / kPa
Experiment
Prediction
Critical State Line
Initial Yield Curve
0
20
40
60
80
100
0.0 2.0 4.0 6.0 8.0 10.0
q 
/ k
Pa
ε1 / %
Experiment
Prediction
1.45
1.50
1.55
1.60
1.65
1.70
20 25 30 35 40 45 50 55 60
v=
1+
e
p′ / kPa
Experiment
Prediction
Swelling Line
Critical State Line
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
q/
p′ e∗
p′/p′e
∗
Experiment
Prediction
Critical State
Figure 10.14: Laboratory results and numerical simulations (OC-50kPa-3)
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Figure 10.15: Laboratory results and numerical simulations (OC-50kPa-4)
From the results in Figs 10.12 - 10.15, it is evident that the proposed model
can sufficiently well reproduce the evolution of the deviatoric stress for the
three samples with a preconsolidation pressure of 800 kPa. The deviatoric
stress increases within the initial yield surface, then it decreases toward the
Critical State Line following the predefined stress path. The model can
predict quite well the volumetric behavior, including the semi-elastic and
post-failure regimes. It should be noticed that, the experimental data can
not reach the critical state even after a large shear deformation (axial strain
= 20%). This is mainly due to the inhomogeneity of the triaxial specimens
induced by the deformation of the shear zone. Nevertheless, the critical
state can be reached in the numerical simulations.
10.6 Conclusions
The soil lumps produced in the open-pit mining lie on the dry side of
the critical state at their deposition states. The linear Hvorslev surface
may overestimate the strength of these soils. For this case, a non-linear
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Hvorslev surface was formulated for the dry side of the soil behaviour. The
following conclusions can be drawn from the evaluation of the experimental
and model data:
(1) The failure points of the tested soil show a nonlinear relationship in
p′- q plane on the dry side of the critical state. The nonlinearity increases
after being normalized by the Hvorslev equivalent pressure p′e.
(2) A new failure surface was formulated based on the critical state concept
and the proposal by Atkinson (Atkinson, 2007). In this formulation, the
stress invariants (p′ and q) at the failure points are normalized by the
equivalent Hvorslev pressure on the normal consolidation line.
(3) The revised Hvorslev surface has a simple form with a linear function
between p′ and q in double logarithmic plot. If the Modified Cam clay model
is adopted for the yield surface on the wet side, only one new parameter
(β) is needed. The degree of nonlinearity in the p′-q plane is controlled by
the parameters κ∗/λ∗ and β.
(4) The yield surface proposed by McDowell and Hau was used on the
wet side of the critical state due to its flexibility. An additional shape
parameter k adjusts the location of the Critical State Line and is coupled
to the Hvorslev surface.
(5) Comparisons between the experimental data and simulations reveal
that the proposed model can well represent the stress-strain and volumetric
behaviour observed in the laboratory.
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11 A simple model for natural
lumpy composite soils and
its verification
11.1 Introduction
Lumpy composite soils from open-pit mining are highly inhomogeneous
on a local scale, since they consist of the lumps and reconstituted soil
within the inter-lump voids. The stiffness of the lumps is far higher than
that of the reconstituted soil, which may induce a non-uniform stress and
strain distributions. In Chapter 7, the stress distribution in this type of
composite soil was analyzed and a homogenization law was proposed based
on FEM calculations using a hypoplastic model. Chapter 8 presented a
simple compression model for artificial lumpy composite soils and Chapter
9 gave a further analysis on the consolidation behaviour.
In the presented study, the mechanical behaviour of a natural lumpy com-
posite material in a triaxial stress path will be investigated. A natural
lumpy soil is used in this chapter, it is a mixture of natural lumps and a
corresponding reconstituted soil. Compared with artificial lumpy soils (Shi
and Herle, 2014 and 2016a), the lumps used in this work have inherent di-
agenetic structure developed during the depositional and postdepositional
processes. Additionally, matric suction and overconsolidation are also two
influence factors controlling the behaviour of the lumps (Herbstova´ and
Herle, 2009). The matric suction depends on the in-situ depth, neverthe-
less, it is reduced to zero after being saturated (Robinson et al., 2004). A
high overconsolidation ratio of stiff lumps originates from their relatively
high in-situ stress level. The overconsolidation could be induced by e.g.
erosion, excavation or the changes in groundwater level (Cotecchia and
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Chander, 2000; Chander, 2000). All the samples for the laboratory test are
saturated, indicating that suction pressure can be omitted.
Similarly to the compression model for artificial lumpy soils (Chapter 8),
the model for natural lumpy soils was proposed stepwise. Firstly, the vol-
ume of the lumpy composite soil was divided into four individual parts
according to its composition and the inter-lump porosity was introduced to
present the evolution of the volume fractions of the reconstituted soils. A
nonlinear Hvorslev surface incorporating the structure effect is used for the
natural lumps on the dry side and it was evaluated based on the laboratory
tests. Finally, a simple model for the lumpy soils is proposed within the
homogenization framework. The proposed model was also compared with
the experimental data.
11.2 Lumpy soil as a composite material
After a reasonable time from filling, the landfill transforms into a soil with
a lumpy composite structure. It consists of the lumps and a reconstituted
soil within the inter-lump voids. The reconstituted soil has a higher initial
void ratio and lower stiffness than those of the lumps, thus it shows a larger
volume deformation. Consequently, the volume fraction of the lumps (ne,
defined as the ratio between the volume of the lumps and the total volume
of the composite soil) increases with a increasing stress level. Therefore,
the change of the volume fraction ne needs to be considered and the volume
divisions of lumpy soils should be clarified.
11.2.1 Volume fraction of reconstituted soil in lumpy com-
posite soils
Similarly to those in Chapters 8 and 9, a representative volume element
of natural lumpy is divided into four individual parts: the volume of void
(solid) in the reconstituted soil Vi,r (Vs,r) and the volume of void (solid) in
the lumps Vi,l (Vs,l). The volume fraction of the reconstituted soil in lumpy
composite soil can be reformulated as
ne =
nt − nl
nr − nl (11.1)
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where nt is the overall porosity, nr =
Vi,r
Vi,r+Vs,r
is the inter-lump porosity
(porosity of the reconstituted soil) and nl =
Vi,l
Vi,l+Vs,l
is the intra-lump
porosity (porosity of the overconsolidated soil).
The porosities nt, nr and nl are related to the corresponding specific vol-
umes
nt =
vt − 1
vt
; nj =
vj − 1
vj
(j = l, r) (11.2)
where j=r and j=l denote the reconstituted soil and lumps, respectively, vt
denotes the overall specific volume, vr and vl represent the specific volumes
of the respective constitutes. They are not constant and can be derived
from their initial values and the corresponding volumetric strains
vt = vt0 exp(−¯v); vj = vk0 exp(−¯v,j) (j = l, r) (11.3)
where vt0 is the initial overall specific volume, vr0 and vl0 are the initial
specific volumes of the constituents; ¯v is the overall volumetric strain, ¯v,r
and ¯v,l are the volumetric strains of the constituents. All the volumetric
strains are volume averaged values, their definitions will be presented in
the following section.
11.2.2 Definitions of stresses and strains
Due to a significant difference of stiffness between the lumps and the re-
constituted soil, the stress σ(x) and strain (x) field are non-uniform on
the microscale. The solution of the stress (strain) field is a tricky problem.
However, it can be simplified if we consider an volume-average stress and
strain in each phase. For a representative volume Vt, the volume-average
stresses σ¯ and strains ¯ can be defined as the average of the local stress
σ(x ) and strain (x ) over the total representative volume:
σ¯ =
1
Vt
∫
Vt
σ(x )dV ; ¯ =
1
Vt
∫
Vt
(x )dV (11.4)
Following Einstein’s convention, the volume-average effective mean stress
p¯′ and deviatoric stress q¯ used in the current model are defined as
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p¯′ =
1
3
σ¯δ; q¯ =
√
3
2
√
s¯s¯ (11.5)
where δ = δij is the Kronecker’s symbol, s¯ = σ¯ − p¯′δ is the deviatoric
stress tensor. The corresponding volumetric strain and deviatoric strain
are defined as
¯v =
1
3
¯δ; ¯s =
√
3
2
√
e¯e¯ (11.6)
with e¯ = ¯− ¯vδ, the deviatoric strain tensor. For the conventional triaxial
stress tests, the stress and strain invariants can be simplified as
p¯′ =
σ¯1 + 2σ¯3
3
; q¯ = σ¯1 − σ¯3 (11.7)
¯v = ¯1 + 2¯3; ¯s =
2(¯1 − ¯3)
3
(11.8)
where σ¯1 (or ¯1) and σ¯3 (or ¯3) are the volume-average axial and radial
effective stress (strain), respectively.
Analogously, the volume-average stresses and strains of the constituents
(lumps and reconstituted soil within the inter-lump voids) can also be de-
fined. For this purpose, the overall volume Vt is divided into Vr (volume
occupied by the reconstituted soil) and Vl (volume occupied by the lumps).
The average stresses and strains of the constituents over the corresponding
volumes can be defined as
σ¯j =
1
Vt
∫
Vt
σj(x )dV ; ¯j =
1
Vt
∫
Vt
j(x )dV (j = l, r) (11.9)
The relationship between the overall volume-average stresses (strains) and
those of its constituents can be derived from their definitions (Eqs (11.4)
and (11.9)):
σ¯ = neσ¯r + (1− ne)σ¯l (11.10)
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¯ = ne¯r + (1− ne)¯l (11.11)
p¯′ = nep¯′r + (1− ne)p¯′l; q¯ = neq¯r + (1− ne)q¯l (11.12)
¯v = ne¯v,r + (1− ne)¯v,l; ¯s = ne¯s,r + (1− ne)¯s,l (11.13)
where p¯′j , q¯j and ¯v,j , ¯s,j (j = l, r) are the stress (strain) invariants, defined
similarly as those of the overall ones.
11.3 Constitutive equations for the constituents
As mentioned in Chapter 8, the lumps are randomly distributed in the
reconstituted soil, therefore they can be adequately represented by an
isotropic model. The properties of the lumpy material are different from
those of composites with elastic inclusions. The state of the stiff lumps lies
on the dry side. They behave quasi-elastically in the pre-peak regime and
are degraded in the post-peak regime which may be accompanied by either
dilation or contraction. The reconstituted soil within the inter-lump voids
is usually normally consolidated in the field and the state is located on the
wet side of the critical state.
11.3.1 Elastic behaviour
The deformations are recoverable for stress excursions within the current
yield surface which corresponds to the swelling line in the compression
plane. A linear relationship is assumed between the logarithm of specific
volume v and that of the effective mean stress p¯′ (Butterfield, 1979) for
the elastic loading-unloading line. The elastic strain increments can be
expressed as
d¯ev,j = κ
dp¯′j
p¯′j
; (j = l, r) (11.14)
d¯es,j =
2(1 + ν∗)
9(1− 2ν∗)κ
dq¯j
p¯′j
; (j = l, r) (11.15)
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where d¯ev,j and d¯
e
s,j are elastic volumetric strain and elastic deviatoric
strain, respectively, ν∗ is the Poisson’s ratio.
11.3.2 Hvorslev surface incorporating structure effect
In Chapter 10, a nonlinear Hvorslev surface was proposed for artificial over-
consolidated soils. A generalized form will be derived for natural structured
soils, which describes the behaviour of natural lumps in lumpy composite
soils.
It has been well documented that the behaviour of reconstituted soils can
be reproduced adequately by the critical state type models (Roscoe and
Burland, 1968; McDowell and Hau, 2004). The difference between the nat-
ural soil and its reconstituted counterpart is due to the inherent structure,
which is expressed in the arrangement and bonding of the soil particles
(Mitchell, 1976). Based on the previous works (Burland, 1990; Gens and
Nova, 1993), a sensitivity framework for the behaviour of structured soils
was presented by Cotecchia and Chandler (2000). In their work, a geomet-
ric similarity was supposed between the state boundary surfaces of natural
and reconstituted soils. This concept has been widely used for its simplic-
ity and good capability (e.g., Rouainia and Muir Wood (2000); Callisto
et al., (2002); Nova et al., (2003); Callisto and Rampello, 2004; Baudet
and Stallebrass, 2004; Masˇ´ın, 2007). Hence, this conceptual framework is
adopted also in this chapter.
Figure 11.1: Schematic figure for the compression behaviour of natural soils
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The sensitivity r is depicted as the ratio of the size of the state boundary
surfaces of a natural and a reconstituted soil respectively, along the isotropic
stress path. The isotropic compression curve of the natural soil can be
expressed as
ln vl = N
∗ − λ∗ ln p¯′c + (λ∗ − κ) ln r + κ ln
p¯′c
p¯′l
(11.16)
where κ is the slope of the swelling line for the natural soils, p¯′c is the current
yield stress in the lumps. Note that p¯′c is different from that in Chapter
10, since it is related to the soil structure. When the effective mean stress
is lower than the yield stress of the natural soil, p¯′c equals the initial yield
stress. Otherwise, the current effective mean stress is adopted instead.
Considering Eq. (11.16), from the definition of the equivalent Hvorslev
pressure, it follows
ln p¯∗e =
(
1− κ
λ∗
)
ln p¯′c +
κ
λ∗
ln p¯′l −
(
1− κ
λ∗
)
ln r (11.17)
where p¯∗e is the equivalent Hvorslev pressure of the natural soils (lumps).
When r=1, it is consistent with a fully remoulded state. Note that the
equivalent Hvorslev pressure in the current chapter is different from that
by Masin (2007), who defined the sensitivity along the constant volume
sections through the state boundary surfaces.
Figure 11.2: State Boundary Surface for natural soils and reconstituted
intrinsic soils
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Analogously to the reconstituted soils, a nonlinear Hvorslev surface of the
natural soils can be given as
q¯l
Mp¯∗e
= α
(
p¯′l
p¯∗e
)β
(11.18)
where α and β are model parameters for the natural soil, and β controls
the nonlinearity of Hvorslev surface in the normalized stress plane. If the
Modified Cam clay model is adopted for the natural soil on the wet side,
the revised Hvorslev line meets the ellipse at its vertex (Fig. 11.2).
q¯v = Mp¯
′
v (11.19)
where p¯′v = p¯′c/2 and qv are the stresses at the vertex of the yield surface of
a natural soil. Inserting the relations (11.17) and (11.19) into Eq. (11.18),
one obtains the relationship between α and β:
lnα =
(
1− κ
λ∗
)
(1− β) ln
(r
2
)
(11.20)
The revised Hvorslev surface for the natural soils is now obtained with help
of Eqs (11.17) and (11.20):
ln
( q¯l
M
)
−
[
β +
κ
λ∗
(1− β)
]
ln p¯′l =
(
1− κ
λ∗
)
(1− β) ln
(
p¯′c
2
)
(11.21)
The latter equation is similar to the nonlinear Hvorslev surface in Chapter
10, the only differences are the physical meanings of model parameters β,
κ and the current yield stress p¯′c.
As stated by e.g. Schofield (2006), the peak strength of reconstituted fine
grained soils results from the interlocking between the soil aggregates (Tay-
lor, 1948). Therefore, in the classical critical state models (e.g., Potts and
Zdravkovic, 1999; Mita et al., 2004), the zero-tension line was incorporated
into the state boundary surface to avoid the ”cohesion” effect (Schofield,
1980). In the presented model, the nonlinear parameter β∗ for the reconsti-
tuted soil is calibrated from the real data, which guarantee the consistence
with the no-tension law. Furthermore, the nonlinear Hvorslev surface for
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the reconstituted soil can avoid the discontinuity on the wet side, which
makes the model more efficient for numerical analysis.
However, the no-tension law is only applicable for reconstituted soils. The
shear strength of a natural soil includes an additional effect, often termed
as ”cementation” between the soil aggregates. As a result, the samples of
the structure can sustain tension stress and the failure points may surpass
the zero-tension line. This means that the degree of nonlinearity of the
Hvorslev surface for the natural soils should be higher than that of the
reconstituted soils, i.e. β is lower than β∗. The results of four stiff clays
from the literature (Burland et al., 1996) support the above analysis (see
Fig. 11.3 and Table 11.1)
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Figure 11.3: Calibration of parameter β∗/β of the nonlinear Hvorslev sur-
face for natural and reconstituted soils, respectively
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Soils Corinth marl Vallericca clay Todi clay Pietrafitta clay
α∗ 1.00 0.80 0.90 0.89
β∗ 0.82 0.63 0.64 0.67
α 1.47 1.30 1.18 1.32
β 0.72 0.52 0.64 0.54
Table 11.1: Parameters for the nonlinear Hvorslev surface for natural and
reconstituted soils, respectively
11.3.3 Yield and Potential surfaces for natural lumps
The Modified Cam clay model is widely used for reconstituted soils. How-
ever, it has several inherent defects. Firstly, in many cases, the ellipse yield
surface can not fit the yield data of natural soils satisfactory. Secondly, the
Critical State Line is fixed in the compression plane. Furthermore, asso-
ciated flow rule is assumed in the Modified Cam clay model (Muir Wood,
1990)
d¯pv,l
d¯ps,l
=
M2 − η2
2η
(11.22)
where η denotes the ratio between q¯l and p¯
′
l. The associated flow rule is
not usually consistent with the test results of natural soils (Graham and Li,
1985; Cotecchia and Chandler, 1997; Sultan et al., 2010). This is due to dif-
ferent mechanisms in compression involving the intrinsic structure and the
overconsolidation effects. The intrinsic structure produces volumetric com-
pression during the post failure process. Liu and Carter (2002) introduced
a new parameter to incorporate this effect into the flow flue. Analogously,
Ohmaki (1982) reformulated the associated flow rule as
d¯pv,l
d¯ps,l
=
M2 − η2
kη
(11.23)
where k is a structure parameter also used in the current chapter. Alonso
et al. (1990) used Eq. (11.23) to describe the behaviour of unsaturated
soils. The corresponding plastic potential surface was derived by McDowell
and Hau (2004) by integration of Eq. (11.23):
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g : q¯2l +
M2
1− k
(
p¯′l
p¯′c
) 2
k
p¯′2c −
M2p¯′2l
1− k = 0; (k 6= 1) (11.24)
where p¯′c controls the size of the plastic potential surface.
In the sequel, Eq. (11.24) is used as the plastic potential surface on the
wet side of the critical state. If associated flow rule is assumed on the wet
side, the corresponding yield function must correspond to
fw := g (11.25)
This form of yield function can be considered as a generalized Modified
Cam clay model. When k=2, the Modified Cam clay model is recovered.
0
200
400
600
800
1000
0 200 400 600 800 1000 1200
q- l 
/ k
Pa
p- l
′
 / kPa
k=0.5
k=1.2
k=2.0
Critical State Line
Figure 11.4: Location of vertex of the yield surface for the generalized
Modified Cam clay model with different values of k ( M=1, p¯′c=1000 kPa)
An ellipse yield surface is assumed in the Modified Cam clay model, hence
effective mean stress at the vertex p¯′v = p¯′c/2. However, in the generalized
Modified Cam clay model, the location of the vertex depends on the pa-
rameter k (see Fig. 11.4). Consequently, the nonlinear Hvorslev surface for
natural soils should be adjusted. Eq. (11.20) is modified as
lnα =
(
1− κ
λ∗
)
(1− β) ln
(
r
ξ
)
(11.26)
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where
ln ξ =
k
2k − 2 ln k (11.27)
Consider Eqs (11.17) and (11.26), Eq. (11.21) is reformulated as
fd : ln
( q¯l
M
)
−
[
β +
κ
λ∗
(1− β)
]
ln p¯′l −
(
1− κ
λ∗
)
(1− β) ln
(
p¯′c
ξ
)
= 0
(11.28)
Eqs (11.25) and (11.28) are the yield surfaces on the wet and dry side,
respectively.
11.3.4 Hardening rule and full constitutive model for natu-
ral lumps
The equations for the hardening parameters are derived by considering the
consistency condition for the yield surfaces. On the wet side of the critical
state, there is only one hardening parameter p¯′c, governing the expansion
and the contraction of the yield surface. However, two additional parame-
ters, considering the shape evolution of the revised Hvorslev surface, should
be considered on the dry side.
The sensitivity r is defined as the ratio of the sizes of the yield surfaces for
the natural and the reconstituted soils, respectively. Therefore the current
yield stress of the structured soil is calculated by rp∗c (p∗c denotes the the
reference yield stress on the Normal Compression Line). The following
incremental relationship can be obtained:
dp¯′c = p¯
∗
cdr + rdp¯
∗
c (11.29)
Analogously to the work by Baudet and Stallebrass (2004), the evolution
of the sensitivity is related to plastic strain increments:
dr = −χ(r − 1)
λ∗ − κ d¯
p
d (11.30)
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d¯pd =
√
(d¯pv,l)
2
+ (d¯ps,l)
2
(11.31)
where d¯pd is the damage strain increment, χ is a parameter which influence
the rate of the structure degradation. One can introduce an additional
parameter to describe more precisely the relative influence of the plastic
volumetric and deviatoric strains on the structure degradation. Substitu-
tion of Eqs (11.30) and (11.31) into Eq. (11.29) yields
dp¯′c =
p¯′c
λ∗ − κ
(
rd¯pv,l − χ(r − 1)
√
(d¯pv,l)
2
+ (d¯ps,l)
2
)
(11.32)
As discussed above, due to the ”true cohesion” (cementation) in natural
soils, the nonlinearity parameter β is different from that of its reconstituted
counterpart β∗. This difference should be considered in the destructuring
process. If a linear relationship is assumed between β and r, the parameter
β can be given as
β = β0 +
β∗ − β0
1− r0 (r − r0) (11.33)
where β0 and r0 represent the failure nonlinearity and sensitivity, respec-
tively, of natural soils with an intact structure.
Figure 11.5: Evolution of of the swelling parameter κ with structure degra-
dation (Gault Clay, data from Samuels (1975))
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With Eqs (11.30) and (11.31), differentiation of Eq. (11.33) leads to
dβ = −(β
∗ − β0)χ(r − 1)
(1− r0)(λ∗ − κ)
√
(d¯pv,l)
2
+ (d¯ps,l)
2
(11.34)
It can be concluded from Eq. (11.28), the shape of the Hvorslev surface is
also affected by the slope κ of the swelling line in ln p¯′-ln v plane. Burland
(1990) cited data of the cyclic swelling and compression oedometer tests by
Samuels (1975) and Hoizeman et al. (1987) and stated that κ is not constant
for a natural soil during virgin compression. As shown in Fig. 11.5, the
initial value of κ can be nearly four times higher than the intrinsic one κ∗.
This can be related to the breakdown of fabric and interparticle bonding in
natural soils. The ratio between κ∗ and κ was defined as ”swell sensitivity”
by Schmertmann (1969). Hence, κ should be also regarded as hardening
parameter. Analogously to the manipulation of β, a linear relationship
between κ and r gives
dκ = −(κ
∗ − κ0)χ(r − 1)
(1− r0)(λ∗ − κ)
√
(d¯pv,l)
2
+ (d¯ps,l)
2
(11.35)
where κ0 is the slope of the swelling line of the natural soil with an intact
structure. The plastic volumetric (deviatoric) strain increment is derived
by differentiating plastic potential as
d¯pv,l =
∂g
∂p¯′
dλ; d¯ps,l =
∂g
∂q¯
dλ (11.36)
where dλ is the scalar multiplier.
Considering three hardening parameters on the dry side mentioned above,
κ, β and p¯′c, and applying the consistency condition to yield surface, it
follows
{
∂fd
∂σ¯l
}
: {dσ¯l}+ ∂fd
∂p¯′c
dp¯′c +
∂fd
∂β
dβ +
∂fd
∂κ
dκ = 0 (11.37)
Substitution of Eqs. (11.32), (11.34)-(11.36) into Eq. (11.37) gives:
{
∂fd
∂σ¯l
}
: {dσ¯l} −Hddλ = 0 (11.38)
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Hd is the hardening modulus on the dry side which is defined as
Hd = − p¯
′
c
λ∗ − κ
∂fd
∂p¯′c
∂g
∂p¯′
+
χ(r − 1)
(1− r0)(λ∗ − κ)$
√(
∂g
∂p¯′
)2
+
(
∂g
∂q¯
)2
(11.39)
where
$ =
∂fd
∂p¯′c
(1− r0)p¯′c +
∂fd
∂κ
(κ∗ − κ0) + ∂fd
∂β
(β∗ − β0) (11.40)
Analogously, the hardening modulus Hw on the wet side can be derived as
Hw = − p¯
′
c
λ∗ − κ
∂fw
∂p¯′c
∂g
∂p¯′
+
χ(r − 1)p¯′c
(λ∗ − κ)
∂fw
∂p¯′c
√(
∂g
∂p¯′
)2
+
(
∂g
∂q¯
)2
(11.41)
Note that the evolution of the yield surface on the wet side is sufficiently
defined by the hardening parameter p¯c . The elastoplastic constitutive
matrix follows from the standard formulation:
Depijmn = D
e
ijmn −
Deijmn
∂g
∂σ¯mn
∂fs
∂σ¯ij
Deijmn
∂fi
∂σ¯ij
Deijmn
∂g
∂σ¯mn
+Hs
; (s = w, d) (11.42)
where ∂g∂σ¯mn and
∂fs
∂σ¯ij
are the differentiation of the stress components, which
can be calculated from potential and yield functions applying the chain rule.
11.3.5 Simplification of the model
It can be seen from Eqs (11.25) and (11.28) that κ0/λ
∗ and β0 control the
shape of the yield surface (initial and subsequent) of natural soils. There-
fore, in both drained and undrained conditions, the stress path and the
volumetric deformation (or excess pore water pressure) are significantly in-
fluenced. If the intrinsic parameters (κ∗/λ∗ and β∗) are applied in case of
the Hvorslev surface for natural soil, the shear strength may be underesti-
mated. On the contrary, what happens if the structure parameters (κ0/λ
∗
and β) replace their intrinsic counterparts (κ∗/λ∗ and β∗)?
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Figure 11.6: Sensitivity analysis of the intrinsic parameters β∗ and κ∗ for
natural soils (drained conditions, parameters CD-1 and CD-2)
Number M N∗ λ∗ κ∗ k β∗
CU-1 1.0 1.4 0.10 0.01/0.02/0.03 2.0 0.5
CU-2 1.0 1.4 0.10 0.01 2.0 0.5/0.6/0.7
CD-1 1.0 1.4 0.10 0.01/0.02/0.03 2.0 0.5
CD-2 1.0 1.4 0.10 0.01 2.0 0.5/0.6/0.7
Number v r0 κ0 β0 χ
CU-1 0.20 4.0 0.01 0.5 1.0
CU-2 0.20 4.0 0.01 0.5 1.0
CD-1 0.20 4.0 0.01 0.5 1.0
CD-2 0.20 4.0 0.01 0.5 1.0
Table 11.2: Parameters for the model simulations
Figs 11.6 and 11.7 show the stress-strain and volumetric strain curves us-
ing different values of the intrinsic model parameters. For the sensitivity
analysis of κ∗/λ∗, the structure parameter β0=0.7, three different values
of intrinsic parameter κ∗/λ∗ (0.1, 0.2, and 0.3) were adopted. Considering
the analysis of β0, κ0/λ
∗=0.1 was assumed, and four different values of β∗
(0.5, 0.6, and 0.7) were considered. It can be seen that when the intrinsic
parameters (κ∗/λ∗ and β∗) are replaced by the structure ones, the influ-
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ence is negligible. Therefore, for the application in engineering practice,
the intrinsic parameters (κ∗/λ∗ and β∗) can be excluded from the model.
As a result, the proposed model can be significantly simplified.
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Figure 11.7: Sensitivity analysis of the intrinsic parameters β∗ and κ∗ for
natural soils (undrained conditions)
In this case, the consistency condition to yield surface (Eq. (11.37)) reduces
to
{
∂fs
∂σ¯l
}
: {dσ¯l}+ ∂fd
∂p¯′c
dp¯′c = 0; (s = w, d) (11.43)
With this equation, the hardening modulus (Eqs (11.39) and (11.41)) can
be modified as
Hs = − p¯
′
c
λ∗ − κ
∂fs
∂p¯′c
∂g
∂p¯′
+
χ(r − 1)p¯′c
(λ∗ − κ)
∂fs
∂p¯′c
√(
∂g
∂p¯′
)2
+
(
∂g
∂q¯
)2
; (s = w, d)
(11.44)
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Note, the simplified model has only 9 parameters (M , N∗, λ∗, v∗, k, κ0, β0,
s0, and χ). Compared to the original one, the intrinsic shape parameters β
∗
and κ∗/λ∗ were omitted. In this case, the shape of Hvorslev yield surface
is not changed during the structure degradation process. In the sequel,
the simplified model will be used for the predictions for the behaviour of
natural lumps in lumpy composite soils.
The above model could be also applied to the reconstituted soil within the
inter-lump spaces of lumpy composite soils. In this case, it is the same
to the model proposed by McDowell and Hau (2004) and the structure
parameters are reduced to the intrinsic ones.
11.4 Proposed model for lumpy composite soils
11.4.1 A homogenization law for lumpy composite soil
The overall behaviour of the lumpy soils depend on two factors: (1) the
constitutive models for the constituents as given in the last section. (2)
the homogenization law which relates the overall stiffness to those of its
constitutes. The properties of the lumps are more complicated than those
of composites with elastic inclusions. The homogenization law was initially
developed within the linear elasticity framework and it was extended to
elasto-plastic materials by Hill (1965). Two main approaches were adopted
for its application. (1) Tangent formulations, each constituent follows the
incremental constitutive theory, and the overall behaviour is calculated
from the tangent stiffnesses of the the constituents (Hutchinson, 1970; Ju
and Sun, 2001). (2) In secant formulations, the homogenization law is
formulated based on the corresponding secant stiffnesses.
As investigated by Shi and Herle (2016a, 2016b), both secant and tangent
formulations are applicable for lumpy soils under compression type load-
ing. However, in case of shear type loading, the use of tangent stiffness
formulations is questionable due to the complex behaviour of lumps be-
yond the failure point. In the sequel, secant formulations are used for the
homogenization law. For simplicity, it is assumed that the inclination of
the stress paths of the constituents are identical to that of the lumpy soil.
Consequently, for a given overall stress path, the homogenization law can
be established using two stress (strain) invariants: the deviatoric stress and
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deviatoric strain. The overall secant stiffness and those of its constituents
are defined as
E =
q¯
¯s
; Ej =
q¯j
¯s,j
; (j = l, r) (11.45)
where E is the overall stiffness and Ej (j = l,r) are those of the lumps
and reconstituted soils, respectively. A homogenization law was proposed
in Chapter 7 based on the analysis of two basic configurations (series and
parallel structures). The lumps in a lumpy material are randomly dis-
tributed in the reconstituted soil. The overall stiffness of lumpy soils lies
between those of the parallel and series models and it can be considered as
an interpolation of those two basic configurations. In a simplified manner,
the structure is composed by both parallel and series configurations at dif-
ferent orientations, which exist at the same time and the same space. It
can be also formulated as
logE = ne logEr + (1− ne) logEl (11.46)
11.4.2 General model
The overall secant stiffness E can be expressed as a function of the stiff-
nesses of the constituents Ej (j=l, r) with the strain (or stress) concentra-
tion ratio, which was first proposed by Hill (1963). It introduces a stress
distribution scalar as the ratio between the average strain (or stress) of each
constituent and the corresponding average value in the whole material. In
the sequel, the strain distribution scalar was named as the strain ratio µj¯s
(j=r or l)
¯s,j = µ
j
¯s ¯s; (j = l, r) (11.47)
and the strain ratios µj¯s (j=r or l) satisfy that
µr¯sne + µ
l
¯s(1− ne) = 1 (11.48)
From the definitions of the secant stiffnesses (Eq. (11.45)) and the the
strain ratios (Eq. (11.47)), the overall secant stiffness can be given as
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E = neErµ
r
¯s + (1− ne)Elµl¯s (11.49)
Combing Eqs (11.46), (11.47) and (11.49), one obtains the strain ratios of
the lumpy composite.
µr¯s =
Ener E
1−ne
l − El
ne(Er − El) (11.50)
µl¯s =
Ener E
1−ne
l − Er
(1− ne)(El − Er) (11.51)
Eqs (11.1)-(11.3), (11.42), (11.44), (11.47), (11.50) and (11.51) form the
model for the lumpy composite soils. Eqs (11.1)-(11.3) are used to deter-
mine the evolution of the volume fraction of the lumps; Eqs (11.42) and
(11.44) provide the constitutive equations for the constituents; The strains
of the lumps and reconstituted soils at an incremental step are calculated
from (11.47), (11.50) and (11.51), and the corresponding incremental val-
ues can be estimated as the differences between the current and the last
incremental steps. It can be solved by an iterative procedure for each incre-
mental deformation, which will be presented in details in the next section.
11.5 Application of the model
11.5.1 Evaluation of nonlinear Hvorslev surface for natural
stiff soils
The proposed Hvorslev surface will be used to simulate the compression
behaviour of the natural stiff clays. The validation of the model is done
by comparing the calculation results with the experimental data from the
literature (Burland et al., 1996). Four natural stiff clays are considered:
Corinth marl, Vallericca clay, Todi clay and Pietrafitta clay. Some basic
physical properties of these four natural structured clays are summarized
in Table 11.3. The corresponding model parameters are also given in this
table.
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Parameters Corinth marl Vallericca Todi Pietrafitta
Physical properties
w0/% 21.1 28.6 17.5 41.9
ρs / g/cm
3 2.73 2.78 2.78 2.71
wL/% 27.5 60.2 67.2 87.0
IP /% 5.8 33.4 28.1 52.5
CF/% 15 42 43 44
Model parameters
M 1.47 1.05 1.04 1.20
N∗ 0.70 1.17 1.31 1.40
λ∗ 0.04 0.09 0.11 0.11
v∗ 0.25 0.17 0.30 0.20
k 1.5 2.0 2.0 1.8
κ0 0.004 0.025 0.023 0.013
β0 0.72 0.52 0.64 0.54
s0 8.5 4.5 3.2 3.97
χ 0.6 0.5 0.5 0.17
Table 11.3: Properties and parameters for the soils (Burland et al., 1996)
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Figure 11.8: Comparisons between the laboratory results and the numerical
simulations (peak shear strength)
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The shear strength envelopes of the four natural soils (model parameters,
see Table 11.3) are compared with the initial yield curves predicted by
the model. The in situ yield stresses are 1109 kPa (Pietrafitta clay), 2688
kPa (Corinth marl), 7689 kPa (Todi clay) and 2293 kPa (Vallericca clay)
respectively. Most of the strength points lie on or close to the predicted
failure lines, indicating the accuracy of the model in reproducing the peak
strengths of the natural stiff clays.
11.5.2 Laboratory investigations of a natural lumpy soil
The soil used in this study was taken from Hambach mine in West Germany.
The basic physical properties of the soil are shown in Chapter 4. Samples
with three different structures are investigated: (1) The reconstituted soil,
its preparation was presented in details in Chapter 4. (2) The natural soil, it
has an inherent diagenetic structure and a high preconsolidation pressure
in the history. The samples were prepared from cutting a undisturbed
soil block with thin cutting rings. (3) The lumpy soil with a composite
structure. It is a mixture of natural lumps and the reconstituted soil.
Figure 11.9: Natural lumps for the lumpy composite soil and a cross section
of the specimens
Firstly, the lumps was mixed with a slurry and the soil mixture was poured
into a consolidometer (with a diameter of 3.8 cm) and then consolidated
to 140 kPa by gradually adding slotted weights on the weight hanger. The
duration of each load increment was 24-48 h. After fully consolidated,
the sample was extruded out from the consolidometer and trimmed with
a height of 7.6 cm. Finally, the specimen was placed into a triaxial cell
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 229 — #235
11.5 Application of the model 229
and isotropically consolidated to the desired effective mean pressures. Two
series of tests were performed on the lumpy soil under drained conditions,
one with a lower volume fraction (denoted as LVF) of the lumps and the
other with a higher volume fraction (denoted as HVF).
The details of a cross section of the lumpy composite samples are shown
in Fig 11.9 (parts with a darker color represent the lumps), the lumps are
distributed in the reconstituted matrix. This structure resembles that of
lumpy soils in the landfills which was induced by weather factors (the lumps
disintegrate from surface inwards).
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Figure 11.10: Stress-strain curves of the reconstituted soil at different ef-
fective cell pressures
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Figure 11.11: Stress-strain curves of the undisturbed soil at different effec-
tive cell pressures
Figs 11.10 and 11.11 present the stress-strain curves and the volumetric
curves of the reconstituted and undisturbed soils of standard triaxial com-
pression. It can be seen that the stiffness of the reconstituted soil decreases
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with the increase of the shear strain and finally approaches the Critical
State, which corresponds to approximately constant volumetric strain. The
deviatoric stress of the natural samples increases almost linear with the de-
viatoric strain till it reaches the yield point. The strength is significantly
higher than that of the reconstituted counterpart at the same consolida-
tion stress. Intense shear bands of stiff clays were developed in conventional
triaxial tests and the sample becomes discontinuous. Consequently, the de-
viatoric stress decreases sharply and the soil behaves as a rigid body with
approximately no volume change.
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Figure 11.12: Stress-strain curves of the lumpy composite soil with lower
volume fraction of the lumps (ne = ca. 0.88%) at different effective cell
pressures
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Figure 11.13: Stress-strain curves of the lumpy composite soil with higher
volume fraction of the lumps (ne = ca. 0.82%) at different effective cell
pressures
The stress-strain curves and the volumetric curves of the lumpy soils at
different compression pressures are shown in Figs 11.12 and 11.13. It can
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be seen that for a given volume fraction of the lumps, the volumetric strain
is almost identical at different consolidation pressures, which is similar to
those of its constituents (Figs 11.10 and 11.11). However, the deviatoric
stress reaches its limit state at a relatively small deviatoric strain (ca. 10%),
which is significant smaller than that of the reconstituted soil (higher than
15%). Moreover, the stress strain curve for the lumpy soil with higher
volume fraction of the lumps shows a slight strain-softening behaviour at
larger strains.
11.5.3 Model parameters
The proposed model has 11 parameters (M , N∗, λ∗, ν∗, k, κ0, β, s0, and χ).
M , N∗, λ∗ and ν∗ are intrinsic model parameters which are independent of
the soil structure. The first five parameters are the same as those adopted
in the Modified Cam clay model, which can be calibrated directly from the
results of the conventional compression and triaxial tests on the reconsti-
tuted soil (see Muir Wood, 1990). The value of N∗ can be determined from
an oedometer test according to the following equation:
N∗ = N˜∗ +
λ∗ − κ0
2k − 2 k ln
[
1 + (k − 1)
(
3− sinφ
6− 4 sinφ
)2]
(11.52)
where φ is the critical state friction angle, N˜∗ is the compression parameter
calibrated from oedometer tests.
κ0, β, r0, and χ are parameters related to the soil structure. κ0 and β are
related to the initial sensitivity s0 of the natural soil. As can be seen in
Eq. (11.21), both of them influence the nonlinearity of the revised Hvorslev
surface in the p¯′l-q¯l plane. κ0 can be determined from the pre-yield data of
the natural soil from an isotropic compression test. β can be calibrated by
fitting the failure points of triaxial shear tests on the natural soil in
p¯′l
p¯∗e
vs
q¯l
p¯∗e
plane. p¯∗e is the equivalent Hvorslev pressure defined as
p¯∗e = exp
(
N∗ − ln vf
λ∗
)
(11.53)
where vf is the specific volume corresponding to the failure point of the
natural soil. The comparison between the measured data and the fitting
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line is shown in Fig. 11.14.
χ is a material constant which affects the rate of the structure degradation.
It can be calibrated by trial and error using the test data of an isotropic
compression test. r0 is the ratio of the size between the natural (py) and
reconstituted soils along the isotropic stress path. Hence, p¯y should be
determined from the isotropic compression test on the natural soil. Analo-
gously to Eq. (11.52), p¯y can be derived as the following equation:
0.1
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0.1 1.0
q- l/
p- e∗
p- l
′/p-e
∗
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Fitting line
Figure 11.14: Calibration of parameter β of the nonlinear Hvorslev surface
for natural soil
p¯y =
[
1 + (k − 1)
(
3− sinφ
6− 4 sinφ
)2] k2k−2
p˜y (11.54)
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Figure 11.15: Measured data of natural soil under isotropic loading path
and the model prediction
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where p˜y is the yield stress measured from an oedometer test. The cali-
brated values of the model parameters are given in Table 11.4. Note that
different values of v are used for the natural (0.26) and reconstituted soils
(0.32) for better simulation of the preyield stiffness of the natural soil.
Comparison between the isotropic compression data of the natural soil and
the corresponding model prediction are shown in Fig. 11.15.
M N∗ λ∗ k v κ β r0 ξ
0.85 1.08 0.086 1.5 0.26 (0.32) 0.023 0.61 1.98 0.8
Table 11.4: Model parameters of the tested soil
Based on the model parameters in Table 11.4, the shear behaviors of both
natural and reconstituted soils in drained conditions are simulated and
compared with experimental data (see Figs 11.10 and 11.11). It can be
seen that the proposed model in Section 3 can well reproduce the major
characteristics of the constituents (natural and reconstituted soils). The
model predicts larger volumetric dilatancy than the real data, which can
be explained by the shear localization in the post-failure regime.
11.5.4 Model procedures
As a special case, the model procedures for simulations of the triaxial shear
test will be presented, which are done by two steps. Firstly, a lumpy sample
is isotropically consolidated to an expected effective mean stress. After-
wards, it is compressed with a constant cell pressure. Note that the stress
in the lumpy sample is not uniform during isotropic consolidation due to
the different stiffness between the lumps and the reconstituted soil within
the inter-lump voids. Additionally, as stated by Shi and Herle (2016b), a
shear stress can be induced in the lumpy sample even consolidated at an
isotropic load, however it is not significant compared to the consolidation
stress. Hence, the following assumptions are made for simplicity:
(1) an isotropic (overall) stress path can only produce isotropic stresses in
the constituents.
(2) the slopes of stress paths of the constituents (lumps and reconstituted
soil) are the same as the overall stress path. In this case, the homogeniza-
tion law can be expressed as a unique relationship for the stiffnesses given
by Eq. (11.46).
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One can evaluate the compression behaviour of the lumpy composite soil
based on compression model proposed by Shi and Herle (2016a). This
section discusses the model procedure for the triaxial shear stress path.
Step 1. Suppose an isotropic strain increment d¯s for the lumpy soils, i.e.
µr¯s=µ
l
¯s=1. Hence, d¯s,r=d¯s,l=d¯s at the first incremental step.
Step 2. Let (q¯)m−1 and (¯s)m−1 represent the overall deviatoric stress and
deviatoric strain at the last incremental step; (q¯j)m−1 and (¯s,j)m−1 (j =
r or l) denote the corresponding stresses and strains of the constituents.
Calculate the overall secant stiffness of those of the constituents:
(E)m−1 =
(q¯)m−1
(¯s)m−1
; (Ej)m−1 =
(q¯j)m−1
(¯s,j)m−1
; (j = l, r) (11.55)
Step 3. Calculate the deviatoric strain incremental ratios of the constituents
according to Eqs (11.50) and (11.51).
(
µr¯s
)
m−1 =
E
(ne)m−1
r (El)
1−(ne)m−1
m−1 − (El)m−1
(ne)m−1 ((Er)m−1 − (El)m−1)
(11.56)
(
µl¯s
)
m−1
=
E
(ne)m−1
r (El)
1−(ne)m−1
m−1 − (Er)m−1
(1− (ne)m−1)((El)m−1 − (Er)m−1)
(11.57)
where (ne)m−1 is the volume fraction of the lumps at the last incremental
step.
Step 4. For a given (overall) deviatoric strain increment (d¯s), calculate
the current overall strain: (¯s)m = (¯s)m−1 + (d¯s)m and update current
strains of the constituents (¯s,j)m =
(
µj¯s
)
m−1
(¯s)m ; (j = l, r). Hence, the
deviatoric strain increments of the constituents can be given as
(d¯s,j)m−1 = (¯s,j)m − (¯s,j)m−1 ; (j = l, r) (11.58)
Step 5. For a given stress path, the stress and strain increments (dσ¯j)m
and (d¯j)m can be calculated from Eq. (11.42) using an algorithm by
Bardet and Choucair (1991). Compute the total stresses and strains of the
constituents: (¯j)m = (¯j)m−1 + (d¯j)m (σ¯j)m = (σ¯j)m−1 + (dσ¯j)m; (j =
r or l)
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Step 6. The volume fraction of the reconstituted soil should be updated
using Eq. (11.1) at the end of every incremental. The current specific
volumes can be calculated from
(vt)m = vt0 exp(−
(
¯tv
)
m
); (vj)m = vk0 exp
(− (¯jv)m) ; j = l, r (11.59)
and the current volume fraction of the reconstituted soil can be updated as
(ne)m =
(nt)m − (nl)m
(nr)m − (nl)m
(11.60)
The algorithm is done stepwise from Step 2 to Step 6.
11.5.5 Model evaluations
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Figure 11.16: Determination of the inter-lump porosity of the lumpy sample
at the end of consolidation: LVF (left) and HVF (right)
Figs 11.16 shows the compression curves of the lumpy soil with different
initial specific volumes (at 10 kPa). It is seen that the initial specific volume
of the lumpy soil controls the location of the overall compression curve. A
higher initial specific volume corresponds to a lower volume fraction of the
lumps. In the sequel, vt0=1.325 and vt0=1.256 are used as the specific
volumes for LVF and HVF at 10 kPa. Since, the specific volumes for
the lumps and reconstituted soil at 10 kPa can be estimated from the
experimental data, the inter-lump porosity at 10 kPa can be calculated
from Eq. (11.1).
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The evolution of the stress ratio under isotropic consolidation stress path
is shown in Figs 11.17 (the stress ratio in this figure (and in the sequel)
is defined as the ratio of the volume averaged stresses between the lumps
and the reconstituted soil within the inter-lump voids, i.e. µ∗¯p = p¯′l/p¯
′
r. It
can be seen that the stress ratio increases rapidly at a low stress level and
remains approximately constant until the stress in the lumps reaches the
yield stress of the lumps. Afterwards, it decreases due to the reduction
of the stiffness of the lumps. One can calculate the effective consolidation
stresses for the constituents from the stress ratio at a given consolidation
stress and they will be used as the initial states for the triaxial shear step.
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Figure 11.17: Evolution of the stress ratio under isotropic consolidation
step: LVF (left) and HVF (right)
Fig. 11.18 shows the simulation curves of the lumpy composite soil and
those of its constituents, the experimental data are also plotted for com-
parison. It can be seen that the behaviour of the lumpy material under
triaxial shear conditions can be well reproduced by the model.
The evolution of the simulated axial strain ratio during triaxial shear con-
ditions is shown in Fig. 11.19. It can be seen that the strain ratio decreases
rapidly within a narrow strain range and then decreases steadily until the
stress in the lumps reaches the failure point. Afterwards, it increase due to
the reduction of the stiffness of the lumps. The corresponding evolution of
the simulated stress ratios are shown in Fig. 11.20, which show an oppo-
site tendency to the axial strain ratio. The stress ratios are influenced by
the consolidation stress, which is not significant within the simulated stress
range.
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Figure 11.18: Comparisons between the model simulation and the experi-
mental data
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Figure 11.19: Evolution of the axial strains ratio under triaxial shear step
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Figure 11.20: Evolution of the axial strains ratio under triaxial shear step
11.6 Conclusions
A simple constitutive model was proposed for the natural lumpy soils within
the homogenization framework, the volume of the lumpy composite soil
is divided into four individual parts according to its composition and the
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 239 — #245
11.6 Conclusions 239
evolution of the volume fractions of the reconstituted soils is included. Both
experimental and theoretical work were provided.
(1) Series of triaxial tests were performed on the reconstituted samples,
undisturbed samples and lumpy composite samples (with different consol-
idation pressures and volume fractions of the lumps).
(3) A homogenization law is proposed for the lumpy soils based on the
analysis of its structure. A secant stiffness was used, which was defined as
the ratio between the deviatoric stress and deviatoric strain.
(4) A nonlinear Hvorslev surface is used for the natural lumps (inclusions),
corresponding to the dry side of the lumps in the field. The state of the
reconstituted soil (matrix) is usually located on the wet side and it was
modeled by the revised Modified Cam Clay model (McDowell and Hau,
2003). The model for the constituents is evaluated based on the laboratory
tests.
(5) A model for the lumpy soils is proposed within the homogenization
framework. Comparisons between the experimental data and simulations
reveal that proposed model can well represent the stress-strain and volume
deformation behaviour observed in the laboratory.
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12 Compression and undrained
shear strength of remolded clay
mixtures
12.1 Introduction
In some cases in the open pit mining, after an excavation cuts different
soil layers, the resulting material is transfered from the original site to the
deposition place with a conveyor belt. The length of the conveyor belt can
reach several kilometers. Such a long transportation may disintegrate the
small lumps and thoroughly mix the soils from different layers. This mixing
process resembles a soil remolding used in the laboratory when preparing
reconstituted samples. The subsequently deposited material may reach
depths of several tens of meters without compaction. The calculations of
stability and settlement of such a landfill are difficult engineering problems
due to the complex composition of the deposited soils.
The mechanical properties of the mixture depend not only on the properties
of the original soils but also on their state. The objective of this chapter
is to investigate the compression behaviour and remolded shear strength of
different clay mixtures. Three topics will be addressed here: (1) The At-
terberg limits of the mixed soils with different fractions of the components.
(2) The compression behaviour of the clay mixture and its normalization
based on the intrinsic concept. (3) The remolded undrained shear strength
with various fractions of the components and water contents.
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12.2 Materials and sample preparation
The soils used in this study are a high plasticity clay (ClayA) and a silty
clay (ClayB). ClayA was taken from Guttau city (east of Germany). ClayB
was taken from a highway foundation in Dresden (southeast of Germany).
As shown in the plasticity chart (Fig. 12.3), ClayA lies slightly below the
A-line, while ClayB lies on the opposite side. The basic physical properties
are given in Table 6.1. The organic contents of ClayA and ClayB are 10.6%
and 2.0%, respectively. This may explain why ClayA is located below the
A-line. The measurement of the organic content is according to DIN 18128:
12 samples were placed in an incubator (550 ◦C) for 24 hours to remove
the organic material, the organic contents above are average values of 12
samples. The activity of ClayA is 0.58 and of ClayB is 0.79, indicating a
slight difference in clay minerals.
Clay fraction Water content : Specimen number
w0 / % w0/LL
ClayA(0%)+ClayB(100%) 30.57 - 35.81 8 0.91 - 1.06
ClayA(5%)+ClayB(95%) 34.42 - 41.46 8 0.96 - 1.14
ClayA(10%)+ClayB(90%) 35.23 - 39.29 7 0.92 - 1.03
ClayA(20%)+ClayB(80%) 39.68 - 46.45 7 0.93 - 1.09
ClayA(40%)+ClayB(60%) 51.23 - 65.54 6 0.92 - 1.17
ClayA(60%)+ClayB(40%) 46.90 - 73.71 7 0.69 - 1.08
ClayA(78%)+ClayB(22%) 69.75 - 81.64 7 0.89 - 1.05
ClayA(100%)+ClayB(0%) 82.12 - 95.22 6 0.88 - 1.02
Table 12.1: Water content of the mixed soil for fall cone tests
The original materials were firstly mixed with water and then sieved with
a mesh opening of 0.425 mm to exclude the coarse grains from the natural
soil. For the production of a mixture, the weights of the soils (mi(i = A,B))
were calculated according to their water contents (w0,i(i = A,B)) and the
expected proportions in the mixture: mA = v(1 + w0,A)md, md is the dry
weight of the soil mixture, v is ClayA fraction which is defined as the ratio
between the dry mass of ClayA and the total dry mass of the mixture.
Then, both soil components were mixed homogeneously. Due to a high
initial water content of the mixed slurry, the mixture was first exposed to
air for a period of time. After the water content has fallen to 0.8-1.0 times
the liquid limit, water was added eventually to reach the desired water
content for the oedometer and fall cone tests and the soil was homogenized
once more.
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Clay fraction w0: wL: wP : w0/wL
/ % / % / % [–]
ClayA(0%)+ClayB(100%) 37.39 33.78 19.56 1.11
ClayA(0%)+ClayB(100%) 43.02 33.78 19.56 1.27
ClayA(0%)+ClayB(100%) 48.23 33.78 19.56 1.43
ClayA(0%)+ClayB(100%) 53.45 33.78 19.56 1.58
ClayA(5%)+ClayB(95%) 36.55 36.47 20.73 1.00
ClayA(5%)+ClayB(95%) 38.86 36.47 20.73 1.07
ClayA(5%)+ClayB(95%) 41.98 36.47 20.73 1.15
ClayA(5%)+ClayB(95%) 42.21 36.47 20.73 1.16
ClayA(5%)+ClayB(95%) 46.83 36.47 20.73 1.28
ClayA(20%)+ClayB(80%) 42.03 42.80 20.88 0.98
ClayA(20%)+ClayB(80%) 42.87 42.80 20.88 1.00
ClayA(20%)+ClayB(80%) 44.17 42.80 20.88 1.03
ClayA(20%)+ClayB(80%) 49.41 42.80 20.88 1.15
ClayA(20%)+ClayB(80%) 63.41 42.80 20.88 1.48
ClayA(40%)+ClayB(60%) 65.29 55.85 21.67 1.17
ClayA(40%)+ClayB(60%) 68.53 55.85 21.67 1.23
ClayA(40%)+ClayB(60%) 73.06 55.85 21.67 1.31
ClayA(40%)+ClayB(60%) 75.71 55.85 21.67 1.36
ClayA(60%)+ClayB(40%) 51.54 68.00 21.67 0.77
ClayA(60%)+ClayB(40%) 54.78 68.00 26.33 0.81
ClayA(60%)+ClayB(40%) 58.95 68.00 26.33 0.87
ClayA(60%)+ClayB(40%) 63.08 68.00 26.33 0.93
ClayA(60%)+ClayB(40%) 65.38 68.00 26.33 0.96
ClayA(60%)+ClayB(40%) 82.72 68.00 26.33 1.22
ClayA(78%)+ClayB(22%) 74.53 78.06 33.09 0.95
ClayA(78%)+ClayB(22%) 76.41 78.06 33.09 0.98
ClayA(78%)+ClayB(22%) 81.45 78.06 33.09 1.04
ClayA(78%)+ClayB(22%) 89.94 78.06 33.09 1.15
ClayA(78%)+ClayB(22%) 97.22 78.06 33.09 1.25
ClayA(100%)+ClayB(0%) 87.06 93.53 40.88 0.93
ClayA(100%)+ClayB(0%) 93.57 93.53 40.88 1.04
ClayA(100%)+ClayB(0%) 109.65 93.53 40.88 1.17
ClayA(100%)+ClayB(0%) 139.21 93.53 40.88 1.49
ClayA(100%)+ClayB(0%) 142.22 93.53 40.88 1.52
ClayA(100%)+ClayB(0%) 163.95 93.53 40.88 1.75
Table 12.2: Initial water contents and Atterberg limits of the mixed soils
for oedometer tests
The initial water contents of the specimens for the oedometer tests were
between 0.8 and 1.5 times the liquid limit. In order to avoid soil squeezing
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between the ring and the loading cap, the specimens with a high initial
water content (w0 > 1.2wL) were consolidated at an initial value of the
vertical stress of 2.5 kPa, otherwise the load of 5 kPa was adopted. The
consolidation stress then gradually increased following the steps of (5), 10,
20, 40, 100, 200, 400, 800 and 1600 kPa. The duration of every load incre-
ment was 10-24 hours in order to dissipate excess pore pressures according
to the corresponding consolidation curves. The Atterberg limits and the
initial water contents of the specimens are given Table 12.2. The soil spec-
imens had an initial height between 1.90 and 2.20 cm and a diameter of
5.05 cm. The water content of the soil specimens for the fall cone tests was
between 0.7 and 1.2 times the liquid limit, see Table 12.1 for details.
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Figure 12.2: Relationship between plasticity index and ClayA fraction (left)
or clay percentage (right), respectively
The liquid limits of the soil mixtures in Table 12.2 were measured with the
Casagrande and the fall cone methods. The fall cone tests were also used to
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determine the undrained shear strength of the remolded specimens. Figs
12.1 and 12.2 depict the measured Atterberg limits of the mixtures and
their change with the ClayA fraction.
The values of liquid limit and plasticity index IP measured with the Casa-
grande method are slightly higher than those measured with the fall cone
test. The theoretical line yields the expected value if each material con-
tributes in proportion to its amount, i.e.
wL = vwL,A + (1− v)wL,B (12.1)
IP = vIP,A + (1− v)IP,B (12.2)
where wL,i(i = A,B) are the liquid limits of the constituents and IP,i(i =
A,B) are the plasticity indices of the constituents.
The actual measured values of the liquid limit are close to the theoretical
lines, while there is a significant difference for the plasticity index. This
indicates that the physical properties of the mixture are not simply deter-
mined by the constituents in proportion to their quantity. Both the type
and amount of clay (i.e. clay percentage: percentage by weight of particles
finer than 2 µm) in a soil influence the liquid limit and plasticity index
(Skempton, 1953). In general, for a given clay, its liquid limit or plas-
ticity index shows a linear relationship versus clay percentage (Skempton,
1953; Seed et al., 1964; Kumar and Muir Wood 1999; Polidori, 2007) as the
following equations:
wL = k ∗ CF (12.3)
IP = Activity ∗ CF (12.4)
where CF is the clay percentage and Activity in Eq. Eq. (12.4) is termed
as activity of the clay (Skempton, 1953).
Figs 12.1 and 12.2 show the liquid limit and plasticity index as a function
of the clay percentage of the soils and mixtures. If the clay minerals in the
two soils are the same (kA = kB), the liquid limit and plasticity index of the
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soil mixture should change linearly with the clay percentage. Obviously,
this is not the case for the tested clays.
The physical and chemical interactions influence the behaviour in a non-
linear manner. The plasticity chart for the clay mixtures is shown in Fig.
12.3. The left point with the minimum liquid limit corresponds to ClayB,
which lies above the A-line, while Clay A lies slightly below the A-line. The
evolution of the points for the mixtures in the plasticity chart emphasizes
the non-linear dependence of the mixture properties on the proportion of
the components.
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Figure 12.3: Plasticity chart of the clay mixtures
12.3 Compression behaviour of the mixed soil
The mean particle density of the mixture is a crucial parameter for the
calculation of the void ratio. It can be determined by the particle density
of its constituents (ClayA and ClayB) using the following equation:
ρs =
ρs,Aρs,B
ρs,A(1− v) + ρs,Bv (12.5)
where ρs is the particle density of the clay mixture and ρs,i(i = A,B) are
the particle densities of the constituents.
The results of oedometer tests are shown in Appendix-B in terms of spe-
cific volume versus effective vertical stress in double logarithmic plots. For
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the samples with an initial water content higher than the liquid limit, the
specific volume changes approximately linearly in the tested stress range in
ln v-lnσ′v plot.
Figure 12.4: Schematic plot for the determination of e∗100 and e∗1000 from
the compression line of a reconstituted clay
Fig. 12.4 is a schematic plot summarizing the determination of the com-
pression index and the measuring of the intrinsic void ratios. The values
of the characteristic void ratios can be calculated from two neighbouring
points (A and B in this figure). Supposing a linear relationship between
ln v and lnσ′v, e∗100 and e∗1000 are determined from the extrapolation of
the line to the corresponding pressures.
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Figure 12.5: Compression parameters calculated from double logarithmic
plots (data of ClayA(5%)+ClayB(95%))
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Fig. 12.5 summarizes the dependence of the calculated compression indices
with the vertical stress. It can be seen that the calculated values of Cc
and e100 varies strongly with the initial water content. For a given initial
water content, they are approximately constant beyond 20 kPa. Hence, the
compression parameters used in the sequel are calculated from the ln v-lnσ′v
plot.
Similar to the natural soils, the stiffness of reconstituted samples in oe-
dometer tests changes significantly in the vicinity of a stress level, which is
named as the remolded yield stress (σ′s) (Hong et al., 2012). A normalized
equation of the remolded yield stress was given by Hong et al. (2010) for
three clays in China:
σ′s =
5.66p0
(e0/eL)2
(12.6)
where p0=1 kPa is the reference stress.
In this study, the remolded yield stress was estimated by extrapolating
the post-yield curve to the initial void ratio e0 in the bilogarithmic plot
(Hong (2007)). Fig. 12.6 shows the data from this study together with
Eq. (12.6). The measured values lie below the line (Eq. (12.6)) for water
contents beyond the liquid limit, however, the remolded yield stresses are
larger at the lower water contents.
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Figure 12.6: Relationship between the remolded yield stress and the nor-
malized initial void ratio.
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A normalizing index, called the void index Iv, was introduced by Burland
(1990) for correlating the compression curves of various reconstituted clays
with the same value at 100 kPa:
Iv =
e− e∗100
C∗c
(12.7)
C∗c = e∗1000 − e∗100 is termed the intrinsic compression index, e∗100 and e∗1000
are the void ratios of the reconstituted clay at the effective vertical stress
of 100 kPa and 1000 kPa, respectively. According to Burland (1990), the
compression curves of the reconstituted clays with the initial water con-
tent of 1.0-1.5 times the liquid limit can be approximated by a line, called
intrinsic compression line, characterized by the expression:
Iv = 2.45− 1.285 log σ′v + 0.015(log σ′v)3 (12.8)
Fig. 12.7 shows a comparison between the oedometer test results and the
Intrinsic Compression Line (Eq. (12.8)) at different initial water contents
and ClayA fractions. The compression curves can be well normalized by
the void index Iv for stresses σ
′
v higher than 20 kPa. There is a significant
difference between the ICL and the test results within the relatively low
stress range, especially for the mixtures with ClayA fraction of 60% and
78%.
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As stated by Burland (1990) Eqs (12.7) and (12.8) have been proposed
for the initial water content of 1.0-1.5 times the liquid limit. However,
most of the specimens of ClayA fractions of 60% and a few of 78% had
the initial water contents below the liquid limit. As described by Hong et
al. (2010), the deviation from the Intrinsic Compression Line is caused by
the remolded yield stress which decreases with the increasing initial water
content. Therefore, the measured compression lines approach the Intrinsic
Compression Line at σ′v corresponding to the remolded yield stress.
As shown Fig. 12.7, the scatter of the tested data at low effective stresses
is irregular and is not related to the ClayA fraction. This is due to the
fact that the intrinsic compression line is mainly controlled by the relative
initial void ratio (e0/eL) (not the initial void ratio (e0) or the void ratio at
liquid limit (eL)). E.g. the lowest relative initial void ratios (e0/eL) may
be responsible for the locations of the data with 60% ClayA fraction.
Based on a regression analysis, Burland (1990) proposed unique relation-
ships between eL (void ratio at the liquid limit) and Cc
∗ and e∗100, respec-
tively:
C∗c = 0.256eL − 0.04 (12.9)
e∗100 = 0.109 + 0.67eL − 0.089e2L + 0.016e3L (12.10)
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Figure 12.8: Relationship between eL and intrinsic compression parameters
The evaluated parameters of intrinsic compressibility (C∗c and e∗100) are
plotted together with those equations in Fig. 12.8. The experiment re-
sults are consistent with Burland’s relationship except for ClayA fraction
of 100%. Since Eqs (12.9) and (12.10) were proposed for soils with the
liquid limit above the A line. However, As shown in Fig. 12.3, ClayA lies
below the A line in the plasticity chart, this material is beyond the range
of applicability of the correlation equations.
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Figure 12.9: Relationship between the initial water content (e0) and the
parameters of intrinsic compressibility
Fig. 12.9 shows the relationship between the initial void ratio e0 (at com-
pletely remolded state) and intrinsic compression parameters.It is evident
that C∗c and e∗100 increases with e0. Nevertheless, it is problematic to de-
fine a regression curve between the constants of intrinsic compressibility
and the initial void ratio (considering the liquid limit too). For some soils,
their liquid limits are approximately the same, although their compres-
sion parameters may be different even for initial void ratios close to each
other (Polidori, 2015). It is obvious that some further factors (e.g. clay
percentage) should be included for the normalization (Polidori, 2007).
12.4 Remolded shear strength of the clay mix-
tures
The fall cone test was applied for the measurement of the remolded shear
strength of the tested soils. A cone with angle of 60◦ and weight of 60 g was
allowed to fall from rest touching the surface of the soil. The penetration
depth d was measured after 10 s of penetration. After Hansbo (1957) and
Wood (1978), the shear strength can be expressed as
cu =
kαW
d2
(12.11)
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kα is a coefficient related to the cone angle α and soil properties. According
to the test specification (DIN ISO/TS 17892-6, 2004), k60 = 0.27(0.43/wL)
0.45.
However, as proposed by Wood (1985), k60=0.27 should be a constant and
as such it will be used in the sequel.
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Figure 12.10: Remolded shear strength of clay mixtures at different water
contents
The remolded shear strength of the clay mixtures at different water contents
is shown in Fig. 12.10. The strength data can be well normalized by the
liquid limit as shown in Fig. 12.11.
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Figure 12.11: Relationship between shear strength of remolded clay and
normalized water content
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Based on a linear relationship in bilogarithmic plot between the undrained
shear strength and the normalized water content, Hong (2003) proposed a
simple equation:
cu = 1.40(
w0
wL
)−4.5p0 (12.12)
As can be from Fig. 12.11 that the test results are in good agreement
with Eq. (12.12). This corresponds to the completely remolded state with
random fabric arrangement.
Leroueil (1983) proposed another equation for the normalization, which is
related to the consistency index (see Fig. 12.12):
cu =
1
(0.79− Ic)2 p0 (12.13)
where Ic =
wL−w
wL−wP is the consistency index.
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Figure 12.12: Relationship between shear strength of remolded clay and
consistency index
The data from this study lie slightly below the Leroueil’s equation. The
shear strength of the mixed soils at the liquid limit state varies from 1.3
kPa to 1.7 kPa. After Casagrande (1932) and many subsequent researchers
(Russel and Mickle, 1970; Wroth and Wood, 1978; Whyte, 1982; Leroueil
et al., 1983), the shear strength at liquid limit is expected to be between
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1.5 kPa and 2.0 kPa, which is a similar range to the one measured in this
study.
12.5 Conclusions
As has been discussed in this chapter, the properties of the clay mix-
tures change in some cases not proportionally with the amount of the
constituents. Nevertheless, using appropriate normalization parameters,
it is possible to assess compression index and intrinsic void ratio. Further-
more, one can estimate the remolded shear strength of the mixtures. The
following summary can be proposed:
(1) The actual measured values of the liquid limit of the soil mixtures are
close to the theoretical line (Eq. (12.1)), while there is a non-negligible
difference for the plasticity index (Eq. (12.2)). The liquid limits measured
with the Casagrande method are slightly higher than those from the fall
cone tests.
(2) The measured compression lines of the clay mixtures coincide very well
with the Intrinsic Compression Line beyond the remolded yield stress. The
parameters of intrinsic compressibility increase with the initial void ratio
e0.
(3) The remolded shear strength of the clay mixtures can be calculated from
liquid limit or consistency index (Eqs. (12.12) and (12.13)). The values at
liquid limit vary from 1.3 kPa to 1.7 kPa.
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13 Undrained shear strength and
water content distribution of
remolded clay mixtures
13.1 Introduction
The undrained shear strength and the initial water content distribution of
a clay mixture are crucial parameters for the design of dumped clay fill
slopes. Series of oedometer tests and fall cone tests were performed on
clay mixtures in Chapter 12. The aim of this work is the determination
of the undrained shear strength and water content distribution of a clay
mixture. This model originates from simplifying the structure of a clay
mixture, in which the elements of the constituents are randomly distributed
in a representative elementary volume. By defining a water content ratio
(the ratio of water contents between the constituents), the undrained shear
strength of each constituent is estimated separately and then combined
together with corresponding volume fractions.
Three issues should be clarified:
(1) A clay mixture seems homogeneous on a macro-scale. However, from
a microstructure point of view, each of the constituents undergoes its own
regime and the overall behaviour of the clay mixtures is a combination
of the effects of the constituents. Hence, one needs to give a reasonable
description for a representative elementary volume of a clay mixture.
(2) After being mixed together, the constituents of a clay mixture can
not keep their original (natural) water contents w∗i (i = 1,...,n denotes the
number of soil layers) due to different water holding capacities of the clay
minerals. Thus, there may be a redistribution of the initial water contents
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 256 — #262
256 Undrained shear strength and water content distribution
of the constituents wi (i = 1,...,n).
(3) Based on the representative elementary volume description, the com-
pression behaviour of a clay mixture can be modeled within the homoge-
nization framework. The deformation of a clay mixture can be estimated
by a combination of those of its constituents. But first of all, the initial
water contents of the constituents in a clay mixture should be determined.
For a clay mixture produced in open-pit mining, one can easily measure
the height of each original soil layer and thus can estimate the volume
fractions of the constituents φi (i = 1,...,n), defined as the ratio between
the volume of the i-th constituents and the total volume of the mixture.
The following variables can also be measured conveniently in the laboratory:
(1) the natural water contents of the original soils w∗i (i = 1,...,n); (2) the
liquid limits of the constituents wL,i(i = 1,...,n) and (3) the densities of soil
particles of the constituents ρs,i (i = 1,...,n). As discussed above, the crucial
unknowns are the overall undrained shear strength of a clay mixture cu and
the water contents of the constituents in a clay mixture wi (i = 1,...,n).
13.2 Structure of a clay mixture
A general microstructure of a fine-grained soil is shown in Fig. 13.1 (right).
It is not homogeneous on a microscale, since it consists of sands, silts and
soil aggregates. However, in many cases, soil can be considered to be ho-
mogeneous at the level of samples tested in the geomechanical laboratories
and this assumption is adopted in the sequel. The left diagram in Fig. 13.1
is an idealized sample of a fine-grained soil. It contains numerous homo-
geneous elements which result from a combination of sands, silts and clay
aggregates.
If we suppose that the homogeneous element in Fig. 13.1 is a basic ele-
ment and it does not disintegrate during the mixing process, a structure as
shown in Fig. 13.2 can be generated. In this structure, the elements of the
constituents are arranged randomly in a predefined space.
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Figure 13.1: Simplified structure of a fine-grained soil (schematic mi-
crostructure from Nagaraj et al., 1990)
As shown in Fig. 13.1, fine-grained soils contain both clay minerals and
other particles (e.g. sands and silts). However, the water-holding capacity
is only associated with clay minerals (Seed et al., 1964; Mitchell, 1993). For
non-swelling clay minerals, water is adsorbed onto the external surfaces,
whereas water adsorbs onto both the internal and external surfaces in case
of swelling clay minerals (Grim, 1962; Bergaya et al., 2006). The water
attached to the internal surfaces of the swelling clay minerals is significantly
influenced by the cation exchange and the chemical composition of the
pore water (Bruggenwert and Kamphorst, 1979). If there are swelling clay
minerals in a clay mixture, the basic physical properties of the constituents
may be significantly changed, e.g. due to the exchange of adsorbed cations
(Seed et al., 1964). A detailed microscopic treatment of such microscopic
effects is beyond the scope of this chapter. In the sequel, the analysis
does not consider any separate effects of clay minerals and is focused on
phenomenological mechanical behaviour.
Figure 13.2: Schematic representation of the resulted structure of a clay
mixture after being mixed
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13.3 Proposed model
13.3.1 Water content distribution
For simplicity, two soil layers (denoted as Clay1 and Clay2, respectively)
are considered here. The overall water content of a clay mixture can be
calculated from the natural water contents of the original soils (w∗1 and w∗2,
respectively)
wm = fw
∗
1 + (1− f)w∗2 (13.1)
f is the dry mass fraction of Clay1, defined as the ratio between the dry
mass of the Clay1 and the total dry mass of the mixture. Not that f is an
unknown variable and it is related to the volume fraction of the Clay1 φ
and some other physical parameters.
After being excavated, the constituents from different soil layers are fully
mixed during a long transportation and the water contents of the con-
stituents may change (denoted as w1 and w2, respectively ), since the clay
minerals of the constituents have different water holding capacities.
The water content ratio
k =
w1
w2
(13.2)
is introduced to describe the water content distribution in the mixture. The
overall water content of the mixture can be expressed as
wm = fw1 + (1− f)w2 (13.3)
From Eqs (13.2) and (13.3), the water contents of the constituents are given
as
w1 = kξwm; w2 = ξwm (13.4)
where
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ξ =
1
1 + fk − f (13.5)
The volumes of the constituents are given as
V1 =
ms,1(ρs,1kξwm + ρw)
ρs,1ρw
; V2 =
ms,2(ρs,2ξwm + ρw)
ρs,2ρw
(13.6)
where ρw = 1g/cm
3 is the density of water, ρs,1 and ρs,2 are the densities of
the Clay1 and Clay2, respectively. From the above equation, one can easily
get the relationship between dry mass fraction and the volume fraction of
Clay1:
φ =
V1
V1 + V2
=
fρs,2(ρs,1kξwm + ρw)
fρs,2(ρs,1kξwm + ρw) + (1− f)ρs,1(ρs,2ξwm + ρw) (13.7)
In engineering practice, it is commen to measure the liquid limits of the
constituents (wL,1 and wL,2), the natural water contents of the soils in
different layers (w∗1 and w∗2) and the volume fractions of Clay1 φ. For a
given value of k, one can calculate the dry mass fraction f using Eqs (13.1),
(13.5) and (13.7). subsequently, the water contents of the constituents (Eq
(13.4)) and the overall water content (Eq (13.3)) of the mixture can be
determined.
13.3.2 Undrained shear strength and liquid limit of a clay
mixture
The undrained shear strength of a remolded fine-grained soil decreases with
increasing water content. A bilogarithmic relationship between the wa-
ter content w and the undrained shear strength cu was proposed e.g. by
Koumoto and Houlsby (2001). It was then generalized by Hong et al.,
(2003) based on the data of 115 different soils from various sources in the
literature:
cu = 1.40(
w
wL
)−4.5p0 (13.8)
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where p0=1 kPa is the reference stress and wL is the corresponding liquid
limit. Note that Eq. (13.8) was proposed for soils with a liquid limit
less than 150%. Others relationships were also proposed for the undrained
shear strength of remolded clays e.g. by Leroueil et al., 1983 and Locat
and Demers, 1988. Eq. (13.8) is used for its simplicity as a reference model
in the sequel.
Eq. (13.8) is proposed for soils with known liquid limits. Consider two soils,
Clay1 and Clay2, with the liquid limits of wL,1 and wL,2, respectively. The
liquid limit of a resulted clay mixture lies between those of its constituents
and depends on the proportions of the constituents. It corresponds to
a certain shear strength. After Casagrande (1932) and many subsequent
researchers (Wroth and Wood, 1978; Whyte, 1982; Leroueil et al., 1983; Shi
and Herle, 2015b), the undrained shear strength at liquid limit is expected
to be between 1.3 kPa and 2.0 kPa.
The undrained shear strength of each clay constituent can be estimated
separately using Eq. (13.8) and then combined together in an appropriate
proportion. Herein, the shear strength refers to a limit stress state in
undrained conditions reached after a larger deformation. If one assumes
for each constituent that the homogeneous elements (Fig. 13.1) reach their
limit stress state at the same time (i.e. when the overall stress is at its
limit stress state), then the volume averaged undrained shear strength of
the clay mixture is given as
cu,m = φ ∗ cu,1 + (1− φ) ∗ cu,2 (13.9)
where cu,m is the undrained shear strength of the clay mixture, cu,1 and cu,2
are the limit stresses of the constituents (Clay1 and Clay2, respectively), φ
is the volume fraction of Clay1. Substitution of Eq. (13.8) into Eq. (13.9)
yields
cu,m = 1.4
(
wm
wL,m
)−4.5
= 1.4φ
(
w1
wL,1
)−4.5
+ 1.4(1− φ)
(
w2
wL,2
)−4.5
(13.10)
where wm and wL,m are the water content and the liquid limit of the clay
mixture, respectively. Substitution of Eqs (13.4) into Eq. (13.10) yields a
model for the liquid limit of the clay mixture.
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(
1
wL,m
)−4.5
= φ ∗
(
kξ
wL,1
)−4.5
+ (1− φ) ∗
(
ξ
wL,2
)−4.5
(13.11)
For a given value of k, ξ (related to the dry mass fraction) can be determined
based on the last section. The only unknown variable is the liquid limit of
the clay mixture wL,m. This is a nonlinear equation which can be solved
with iterative methods.
In this model, there are six input quantities, wL,1, wL,2, ρs,1, ρs,2, φ and k.
The first four quantities are basic physical properties of the constituents.
k denotes the water content distribution in the clay mixture which can be
calibrated by trial and error method. For the calculation of the overall
undrained shear strength (Eq. (13.10)), one needs to know the natural
water contents (w∗1 and w∗2, respectively) of the soils in different layers.
Note that the above analysis is related to the engineering analysis in the
field. In laboratory, the dry mass fraction f is more easy to be controlled
and the overall water content is a known variable. Therefore, one can to
calculate the volume fraction φ using Eq. (13.7).
13.4 Model evaluation
The validation of the model is done by comparing the model predictions
with the experimental data from the literature (Shi and Herle, 2015b). In
their work, fifty-six fall cone tests were performed on the reconstituted clays
(clay mixtures) in laboratory at different initial water contents. Six different
dry mass fractions of Clay1 are included: 5%, 10%, 20%, 40%, 60% and
78%. Some principal input invariants of the constituents are summarized
Table 13.1. The liquid limits of the constituents are measured using fall
cone method.
Particle densities / g/cm3 Liquid limits /% Dry mass fraction / %
ρs,1 ρs,2 wL,1 wL,2 f
2.63 2.70 89 34 5, 10, 20, 40, 60 and 78
Table 13.1: Principal input invariants for the soil mixtures from Shi and
Herle (2015b)
For a given water content ratio, one can calculate wL,m with different dry
mass fractions as shown in Fig. 13.3. It can be seen that the calculated
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relationship is relatively close to the measured data considering a water
content ratio of k=2.6. This value is the same as the ratio between the
liquid limits of the constituents.
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Figure 13.3: Comparison between the calculated values and the measured
liquid limits of the mixed soil at different volume fractions of the con-
stituents
As state above, for the investigated clay mixture at its liquid limit, the water
content ratio of the constituents can be approximated by the ratio between
the corresponding liquid limits of the constituents. It seems reasonable to
assume that this conclusion is observation is also valid for the mixtures at
other water contents. Herewith, one can compute the initial water contents
of the constituents and then get the overall undrained shear strength of the
clay mixture using Eq. (13.10). A comparison between the calculated
values and measured undrained shear strengths is shown in Fig. 13.4. It is
evident that a reasonable agreement is obtained, indicating that the water
content ratio of the constituents equals the ratio between the corresponding
liquid limits in a wide range of water contents of the clay mixtures.
The above model yields not only an estimation for the undrained shear
strength of a clay mixture but also a determination of the water contents
of the constituents. Note that the undrained shear strength of the clay
mixtures were tested in completely remolded state. Hence, the water con-
tent distribution can be regarded as a initial state for the compression of a
clay mixture.
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Figure 13.4: Comparison of the predicted and experimental data for
undrained shear strength of the tested soil mixtures
13.5 Conclusions
Clay mixtures are common materials in geotechnical engineering. The
undrained shear strength is a crucial parameter for the engineering de-
sign. In this work, the structure of a clay mixture was simplified as a
composite structure, in which the elements of the constituents are ran-
domly distributed in a representative elementary volume. Afterwards, a
simple model was proposed for the undrained shear strength and initial
water content distribution of clay mixtures. The model is based on two
constituents, however a clay mixture with more constituents can be gener-
alized with the same procedure.
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behaviour of remolded clay
mixtures
14.1 Introduction
Clay mixture is a waste material in open pit mining from the excavation of
various soil layers. The deposited landfills may reach depths of several tens
of meters without compaction. The initial water content may be relatively
high, thus a large settlement can be expected. The aim of this work is to
give a theoretical estimation for the compression behaviour of landfills from
clay mixtures. Firstly, the resulting structure of a clay mixture is simpli-
fied as a composite structure, in which the elements of the constituents are
randomly distributed in a representative elementary volume. Afterwards,
the initial water contents of the constituents are estimated based on a sim-
plified model proposed in Chapter 13. Then, the representative elementary
volume of the mixed soils is divided into separate individual parts and the
volume fractions of the constituents are formulated as functions of the over-
all porosity and those of the constituents. Finally, a homogenization law is
proposed based on the analysis of the randomly arranged structure together
with a simple compression model for the clay mixture.
In Chapter 12, series of oedometer and fall cone tests have been performed
to investigate the compression and undrained shear strength of clay mix-
tures. The considered soils were a high plasticity clay and a silty clay
(designated as Clay1 and Clay2, respectively, in this chapter). The tests
included a wide range of initial water contents (between 0.8 and 1.5 times
the liquid limit) and 6 different dry mass fractions of the Clay1 (5%, 10%,
20%, 40%, 60% and 78%, respectively ). In the following, some useful
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hints for the theoretical work in this chapter are derived from the above
mentioned test results.
(1) As mentioned above, a clay mixture seems homogeneous on a macro-
scale. Actually, each of the constituents follow its own regime from a mi-
croscopic point of view and the overall behaviour of the clay mixtures is a
combination effects of the constituents. Hence, a reasonable description for
the representative elementary volume of a clay mixture is needed.
(2) The constituents of the clay mixture can not keep their original (natural)
water contents due to different water holding capacities of the clay minerals
(Seed et al., 1964; Mitchell, 1993), i.e. a redistribution of the water contents
for the constituents may happen.
(3) The structure of the clay mixtures is highly complex. Therefore, we
need to simplify it of the clay mixtures and to obtain a homogenization law
considering the overall stiffness and those of the constituents.
Shi and Herle (2015) have performed a series of oedometer and fall cone
tests to investigate the compression and undrained shear strength of clay
mixtures. The considered soils were a high plasticity clay and a silty clay
(designated as Clay1 and Clay2, respectively, in this paper). The tests
included a wide range of initial water contents (between 0.8 and 1.5 times
the liquid limit) and 6 different dry mass fractions of the Clay1 (5%, 10%,
20%, 40%, 60% and 78%, respectively ). In the following, a few conclusions
from the above mentioned test results are summarized.
(1) Similarly to the constituents, the undrained shear strength of a clay
mixture can be well normalized by the liquid limit. Its magnitude follows
from a combination of the constituents in an appropriate proportion.
(2) Both the initial water contents and the volume fractions of the con-
stituents have a significant influence on the compression behaviour of a clay
mixture. More specifically, the compressibility of a clay mixture increases
with the initial water content and the volume fraction of the constituent
with a higher compressibility.
(3) The compression curves of the clay mixtures can be divided into two
regimes according to the compressibility. Similar to the natural soils, the
stiffness of clay mixtures in oedometer tests changes significantly in the
vicinity of a stress level, which corresponds to the pore water suction (Rus-
sel and Mickle, 1970; Mitchell, 1993).
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14.2 Initial water content distribution
In Chapter 13, a simple model was proposed for the undrained shear
strength and initial water content distribution of a clay mixture. In the
model, the structure of a clay mixture was simplified as a composite struc-
ture, in which the elements of the constituents are randomly distributed in
a representative elementary volume.
The model proposed by Shi and Herle (2016) is based on two constituents.
In this paper, a clay mixture with N constituents will be analyzed. The
water content ratios are defined as
ki =
wi
wN
; (i = 1,..., N) (14.1)
The overall water content of the mixture can be derived from its definition:
wm =
N∑
i=1
fiwi (14.2)
where f is the dry mass fraction of the ith (i=1,..., N) constituent, defined
as the ratio between the dry mass of the constituent and the total dry mass
of the mixture. Combing Eqs (14.1) and (14.2), the water contents of the
constituents can be calculated as
wi = kiξwm (i = 1,..., N) (14.3)
where
ξ =
1∑N
i=1 kifi
(14.4)
If one assumes for each constituent that its local elements (Fig. (13.2))
reach their limit stress at the same time when the overall stress is at its
limit stress state, the undrained shear strength of the clay mixture cu,m can
be estimated as
cu,m =
N∑
i=1
φi ∗ cu,i (14.5)
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where φi denotes the volume fraction of the ith constituent with the corre-
sponding undrained shear strength cu,i which can be estimated after Hong
et al (2003):
cu,i = 1.40(
wi
wL,i
)−4.5p0 (i = 1,..., N) (14.6)
where p0=1 kPa is the reference stress (the above conclusion is based on
analysis of 115 different soils). The undrained shear strength of a clay mix-
ture thus follows from Eqs (14.1), (14.3) - (14.6). The water content ratios
ki (i=1,..., N) can be calibrated by trial and error attempt. After Shi and
Herle (2016), the water content ratio of the constituents can be approx-
imated by the ratio between the corresponding liquid limits for different
mass fractions of the constituents.
ki =
wL,i
wL,N
; (i = 1,..., N) (14.7)
From Eqs (14.1) - (14.7), the undrained shear strength of a clay mixture
can be estimated. The comparison between the test data and the model is
shown in Fig. 13.4 (test data from Shi and Herle, 2015). The consistence
between the model and the experimental data indicates that the water
content ratio of the constituents equals the ratio between the correspond-
ing liquid limits in a wide range of water contents of the clay mixtures.
Note that the undrained shear strength of the clay mixtures were tested
in completely remolded state. Hence, the water content distribution can
be regarded as a initial state for the compression of a clay mixture. For a
given clay mixture, it can be determined from Eqs (14.1), (14.2) and (14.7),
which will be used in the sequel for the compression analysis.
14.3 Volume fractions and stress ratios of the con-
stituents
The overall porosity of a clay mixture nt can be decomposed into the porosi-
ties of its constituents ni (i=1,..., N) and can be formulated as a function
of those of the constituents with the corresponding volume fractions:
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nt =
N∑
i=1
φini (14.8)
Obviously, the volume fractions of the constituents in the clay mixture are
not constant due to different compressibility of the constituents. From Eq.
(14.8) follows:
φi =
nt −
∑N
j=1,j 6=i φjnj
ni
(14.9)
Eq. (14.9) will be used in the sequel to relate the volume fractions of the
constituents to the increasing stress level. The porosities nt, nj (j=1,...,
N) are related to the corresponding specific volumes through
nt =
vt − 1
vt
; ni =
vi − 1
vi
(i = 1,..., N) (14.10)
where vt denotes the overall specific volume, vi (i=1,..., N) represent the
specific volumes of the constitutes.
Note that there are N−1 unknowns in Eq. (14.9) (φi (i=1,..., N−1)). For
a given stress level, the specific volumes in Eq. (14.10) can be computed
from the corresponding volumetric strains. When calculating the volume
fraction of the i-th constituent φi (i=1,..., N − 1), the other values are
considered from the last incremental step.
The overall effective vertical stress σ¯′ and the overall volumetric strain ¯v
are defined as volume average values over the total representative volume.
The same definition is applied to the stresses σ¯′i and strains ¯v,i of the
constituents (i=1,..., N).
The relationship between the overall volume-average stress (strain) and
those of the constituents is related to the volume fractions of the con-
stituents:
σ¯′ =
N∑
i=1
φiσ¯
′
i (14.11)
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¯ =
N∑
i=1
φi¯v,i (14.12)
Furthermore, a stress concentration ratio proposed by Hill (1963) is used
in the sequel. It is defined as a ratio between the average stress of each
constituent and the corresponding average value in the whole material. It
can be approximated by a scaling parameter, named incremental stress
ratio µσ¯,i or total stress ratio µ˜σ¯,i (i=1,..., N):
dσ¯′i = µσ¯,idσ¯
′; σ¯′i = µ˜σ¯,iσ¯
′ (14.13)
14.4 Reference model for the constituents
Similarly to natural soils, the compression curve of a reconstituted soil can
be divided into two regimes with different compression indices (Hong et al,
2010; Shi and Herle, 2015).
Figure 14.1: Schematic plot for the compression behaviour of a reconsti-
tuted soil
The compression index is relatively small within a low stress range. The sat-
urated soil is preloaded there by pore water suction arising at the specimen
boundaries during preparation. However, the compressibility increases sig-
nificantly afterwards and reaches the normal compression line (Fig. 14.1).
The double logarithmic representation proposed by Butterfield (1979) is
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employed here as a reference compression model for the constituents, see
Fig. 14.2 1.
From the compression curves of the constituents (Fig. 14.2), two distinct
regimes are separated by a yield stress: the pre-yield and post-yield stress
range. It is assumed that there is no deformation in the pre-yield stress
range and the compression curve follows the normal compression line after-
wards.
– for the constituents within the pre-yield stress range:
d¯v,i = 0 (i = 1,..., N) (14.14)
– for the constituents beyond the yield stress:
d¯v,i =
λidσ¯
′
i
σ¯′i
(i = 1,..., N) (14.15)
Figure 14.2: The reference model for the compression behaviour of the
constituents
Above, λi (i=1,..., N) is the slope of the normal compression line for the
the ith constituent, in terms of specific volume versus consolidation stress
in a ln v : ln σ¯′ plot.
The normal compression line of a reconstituted soil is not unique, since
the initial water content has a significant influence on the compression
1Note that for clarity, only two constituted are described in this figure.
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behaviour of the reconstituted soils (Certo and Lutenegger, 2004; Hong et
al., 2010). The results of the slopes of the normal compression lines for
the Clay1 and Clay2 (two constituents of a clay mixture, data from Shi
and Herle (2015)) at different initial water contents are shown in Fig. 14.3.
Note that Clay1 is high-plasticity clay and Clay2 is a silty clay.
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Figure 14.3: The relationships between the initial void ratio and the slopes
of the normal compression line for Clay1 and Clay2
It can be seen that λ1 and λ2 increase with increasing initial water content
of a particular clay. One can consider linear relationships between the
slopes of the normal compression lines and the corresponding initial void
ratios for the two investigated clays within the tested range of the initial
water contents. The regression analysis yields the following equations:
– for Clay1:
λ1 = 0.069 + 0.014e0,1 (14.16)
– for Clay2:
λ2 = 0.004 + 0.038e0,2 (14.17)
Following the definition in Fig. 14.1, the yield stress is determined by
extrapolating the post-yield curve to the initial void ratio e0 in the bilog-
arithmic plot (Hong et al, 2010). The obtained yield stresses for the two
investigated clays at different initial water contents are shown in Fig. 14.4
(eL in the figure is the void ratio at the liquid limit measured in fall cone
test). It can be seen that the yield stress σ¯′s decreases with increasing ini-
tial water content. A linear relationship can be assumed between the yield
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stress and the normalized initial void ratio (e0/eL) in the bilogarithmic
plot, i.e.
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Figure 14.4: The relationship between the yield stress and the normalized
initial void ratio (e0/eL) for the Clay1 and Clay2
– for Clay1:
ln σ¯′s,1 = 1.87− 4.00 ln
(
e0,1
eL,1
)
(14.18)
– for Clay2:
ln σ¯′s,2 = 0.41− 4.07 ln
(
e0,2
eL,2
)
(14.19)
For a given initial water content, the normal compression line of a con-
stituent is characterized by two parameters, the yield stress and the slope
of the line. Both of them can be expressed by the following general equa-
tions:
λi = ai − bie0,i (i = 1,..., N) (14.20)
ln σ¯′s,i = ci − di ln
(
e0,i
eL,i
)
(i = 1,..., N) (14.21)
Eqs (14.20) and (14.21) describe the compression model for the constituents
of the clay mixture. It should be noted that e0,i (i=1,..., N) corresponds
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to a completely reconstituted state which is the same as in the fall cone
test (used for the measurement of wL and cu). Hence, the assumption of
the water content distribution (section 2) can be used in determining the
initial state of the constituents.
14.4.1 A homogenization law for the tangent stiffness of the
clay mixtures
An idealized structure of a clay mixture with two constituents is shown
in Fig. 14.5. The elements of the constituents are arranged randomly
in a representative elementary volume. It is assumed that only vertical
deformation of the constituents take place. Two basic configurations, the
series model and the parallel model, can be recognized on a local scale.
At this scale, the stiffness is the highest when the constituents are ranged
in parallel in the direction of the deformation, and is the lowest when the
constituents are arranged in series. The compression behaviour of the clay
mixtures can be modeled by a combination of the series model and the
parallel model.
Figure 14.5: Analysis of the structure of the clay mixtures in one dimen-
sional deformation
The tangent stiffnesses of the parallel Kp and series Ks structures, respec-
tively, can be determined by the following equations:
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Kp =
N∑
i=1
φiKi (14.22)
in case of the parallel case (Voigt, 1928) and
1
Ks
=
N∑
i=1
φi
Ki
(14.23)
in case of the series case (Reuss, 1929). Ki =
dσ¯′i
d¯v,i
represents the tangent
stiffnesses of the ith constituent. Similarly to the work by Agari and Uno
(1986), Eqs (14.22) and (14.23) can be generalized as
Kn =
N∑
i=1
φiK
n
i (14.24)
where, n is an averaging material parameter. Due to a random configura-
tion of the series and the parallel structures, the general response of a clay
corresponds to a model between the series and the parallel cases. Therefore,
Eq. (14.24) can be considered as an interpolation for the overall stiffness
of the mixture soil.
If n=1 or −1 Eq. (14.24) corresponds to Eq. (14.22) or Eq. (14.23), re-
spectively. Since the elements of the constituents are randomly distributed
in the representative elementary volume of the mixture, n can be assumed
to be close to zero in average. If we write down a first order Maclaurin
expansion, Eq. (14.24) can be also formulated as
logK =
N∑
i=1
φi logKi (14.25)
14.4.2 Compression model for the clay mixtures
As mentioned above, the general shape of the compression curve in the
ln v - ln σ¯′ plot can be divided into two distinct regimes. Based on the
reference model (Eq. (14.14)), no deformation occurs within the pre-yield
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stress range. If one supposes that all constituents of a clay mixture reach
their yield stresses simultaneously, there would be no deformation in the
overall behaviour in the pre-yield stress range. The corresponding overall
yield stress is defined as
σ¯′s =
N∑
i=1
φiσ¯
′
s,i (14.26)
and the compression of the clay mixture in the pre-yield stress range is thus
d¯v =
N∑
i=1
φid¯v,i = 0 (14.27)
After the stress surpasses the overall yield stress, all constituents follow
their normal compression lines. From the definition of the tangent stiffness
and the reference compression model of the constituents (Eq. (14.15)), one
obtains:
Ki =
dσ¯′i
dv,i
=
σ¯′i
λi
(i = 1,..., N) (14.28)
Substitution of Eq (14.28) into Eq (14.25) yields the overall tangent com-
pression stiffness of the clay mixture:
log
dσ¯′
d¯v
=
N∑
i=1
φi log
dσ¯′i
d¯v,i
(14.29)
Combing Eqs (14.10) - (14.13), (14.28) and (14.29), one obtains the overall
stiffness and stress ratios of the clay mixture in the post yield stress range:
dσ¯′
d¯v
=
[
N∏
i=1
(
µ˜σ¯,i
λi
)φi]
σ¯′ (14.30)
for the overall effective stiffness and
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µσ¯,i =
dσ¯′i
dσ¯′
=
1−
[∏N
j=1,j 6=i
(
σ¯′j
λj
)φj] φi1−φi (λi
σ¯′i
)φi
φi
(
1−
[∏N
j=1,j 6=i
(
σ¯′j
λj
)φj] 11−φi λi
σ¯′i
) (14.31)
for the stress incremental ratios.
14.5 Validation of the proposed model
14.5.1 Model parameters
For a clay mixture with two constituents, there are 9 parameters required
for the proposed model (see Table 14.1): a1, b1, a2 and b2 are used to
calculated the slopes of the normal compression lines of the constituents
(Fig. 14.3); c1, d1, c2 and d2 are needed for the computation of the yield
stresses of the constituents (Fig. 14.4); k = 2.6 corresponds to ratio of the
homogenized water contents and is equal to the ratio of the liquid limits.
Constituents λi = ai + bie0,i ln σ¯
′
s,i = ci + di ln
(
e0,i
eL,i
)
ai bi ci di
Clay1 (i = 1) 0.069 0.014 1.87 -4.00
Clay2 (i = 2) 0.004 0.038 0.41 -4.04
Table 14.1: Parameters of the proposed compression model for clay mix-
tures
To calibrate the parameters of the proposed compression model, one needs
to perform at least 6 tests, including two oedometer tests (at different initial
water contents) and a liquid limit test for Clay1 and Clay2, respectively.
The oedometer tests are for the computation of the yield stresses and slopes
of the compression curves of the constituents (Figs 14.3 and 14.4) and the
liquid limit tests are used for the determination of the initial water content
ratio. Parameters required by the model are easy to calibrate, which makes
the model suitable for the practical applications.
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14.5.2 Simulation procedure
One can calculate the overall compression curve (or the curves of the con-
stituents) of the clay mixtures according to the following procedures:
Step 1. For a given clay mixture, compute the ratios of the homogenized
water contents from the liquid limits of its constituents (Eq. (14.7)). The
initial water contents of the constituents (wi(i = 1,2)) can be calculated by
Eq. (14.3).
Step 2. Determine the yield stresses of the constituents (σ¯′s,1 and σ¯′s,2 ) by
Eqs (14.18) and (14.19). The overall yield stress σ¯′s of the clay mixture can
be calculated by Eqs (14.26). Both the clay mixture and the constituents
keep their initial void ratios within the pre-yield stress regime (Eqs (14.14)
and (14.27)).
Step 3. The stresses in the constituents are supposed to reach the corre-
sponding yield stresses simultaneously. One can define the states of the
clay mixture and its constituents at the yield stresses: for the constituents,
ei = e0,i = wiρs,i and σ¯
′
i = σ¯
′
s,i (i = 1,2); for the clay mixture, e = wmρs
and σ¯′ = σ¯′s, where ρs is the overall particle density which is a function of
the particle densities of the constituents and the dry mass fraction:
ρs =
ρs,1ρs,2
ρs,1(1− f) + ρs,2f (14.32)
Step 4. Determine the slopes of the compression curves of the constituents
(λ1 and λ2) by Eqs (14.16) and (14.17).
Step 5. Let σ¯′k−1 and (¯v)k−1 represent the overall stress and strain at
the last calculation step. Similarly, (σ¯′i)k−1 and (¯v,i)k−1 (i = 1,2) denote
the stresses and strains of the constituents. One can calculate the stress
incremental ratios of the constituents according to Eq (14.31).
Step 6. For a given (overall) stress increment (dσ¯′), one can compute the
stress increments for the constituents: dσ¯′i = µσ¯,idσ¯
′ (i = 1,2) and then
update the total stresses of the constituents as follows:
(
σ¯′i
)
k
=
(
σ¯′i
)
k−1 + dσ¯
′
i(i = 1,2). (14.33)
Step 7. Calculate the strain increments (d¯v,i, i = 1,2) of the constituents
according to the reference compression model (Eq (14.15)). Compute the
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overall strain increment from Eq. (14.30) and update the total strains as
(¯v)k = (¯v)k−1 + d¯v; (¯v,i)k = (¯v,i)k−1 + d¯v,i(i = 1,2) (14.34)
Step 8. Update the volume fraction of the constituents using Eqs (14.9)
and (14.10). The specific volumes at the current incremental step ((vt)k
and (vi)k (i = 1,2)) in Eq (14.10) can be calculated as
(vt)k = v0,t exp (−¯v)k ; (vi)k = v0,i exp (−¯v,i)k (i = 1,2) (14.35)
where v0,t is the initial overall specific volume, v0,i(i = 1,2) is the initial
specific volumes of the constituents. Note that v0,t and v0,i(i = 1,2) also
corresponds to the specific volumes of the constituents at the yield stresses,
since no deformation is assumed within the pre-yield stress regime.
14.5.3 Evaluation of the model
Thirty-four consolidometer tests were performed on the reconstituted clay
mixtures in laboratory at different initial water contents by Shi and Herle
(2015). In their work, five different dry mass fractions of Clay1 are included:
5%, 20%, 40%, 60% and 78%. Four of them are used for the validation of
the proposed model (20%, 40%, 60% and 78%) and two tests are selected
for each of them, one with a high initial water content and the other with a
low initial water content. Some intermediate parameters are listed in Table
14.2.
Specimen Initial water contents Slopes σ¯′s,1 σ¯
′
s,2 φ0
wm /% w1 /% w2 /% λ1 λ2 /kPa /kPa /%
TEST-20%-1 63.4 125.5 47.9 0.114 0.053 1.62 0.37 32.8
TEST-20%-2 42.9 84.8 32.4 0.100 0.037 7.77 1.83 30.7
TEST-40%-1 75.7 120.4 45.9 0.112 0.051 1.92 0.42 56.0
TEST-40%-2 65.38 103.8 39.6 0.106 0.044 3.47 0.80 55.2
TEST-60%-1 82.7 109.9 42.0 0.108 0.047 2.76 0.64 73.7
TEST-60%-2 54.8 72.8 27.8 0.095 0.032 14.35 3.41 71.9
TEST-78%-1 97.2 112.5 43.0 0.109 0.048 2.51 0.58 86.9
TEST-78%-2 74.5 86.3 32.9 0.100 0.038 7.27 1.71 86.2
Table 14.2: Intermediate parameters of the proposed compression model
for the clay mixtures
“Veroeffentlichung” — 2016/6/24 — 11:07 — page 279 — #285
14.5 Validation of the proposed model 279
Comparison between the experimental results and the model predictions are
shown in Fig. 14.6. For a given mass fraction, the compression behaviour
of the clay mixtures can be well reproduced by the model at a higher initial
water content. There is only a slight deviation from the test data for low
mass fractions and low initial water contents (φ2 = 20% : w0 = 42.87% and
φ2 = 40% : w0 = 65.29% in Fig. 14.6).
The evolution of the stress ratio is shown in Fig. 14.7. Note that the stress
ratio in this figure (and in the sequel) is defined as the ratio of the volume
averaged stresses between Clay2 and Clay1, i.e. µ∗σ¯′ = σ¯
′
2/σ¯
′
1. It can be
seen that the stress ratio increases rapidly at a low stress level and remains
approximately constant afterwards. This is a consequence of a significant
difference in the stiffnesses between the two constituents.
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Figure 14.6: Prediction of the compression curves for the clay mixtures and
the behaviour of constituents
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Figure 14.7: Evolution of stress ratio in the clay mixtures
14.6 Sensitivity analysis
Eqs (14.3), (14.4), (14.20), (14.21), (14.30) and (14.31) lead to the gen-
eral equations for the compression model of clay mixtures. Eqs (14.3) and
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(14.4) give the estimation of the initial water contents of the constituents;
Eqs (14.20)-(14.21) relate the yield stresses and slopes of the Normal Com-
pression Lines to the initial water contents. From these equations, one can
find two key influence factors:
(1) The initial water content of the mixture: as can be seen from Fig. 14.7,
the initial water content has a significant influence on the stress distribution
in the constituents;
(2) The dry mass fractions of the constituents.
To evaluate the sensitivity of the model, a parameter study is done in
terms of the initial (overall) water content and dry mass fractions of the
constituents.
Specimen wm w1 w2 f1 Slopes σ¯
′
s,1 σ¯
′
s,2 φ0
/% /% /% /% λ1 λ2 /kPa /kPa /%
SIM-1-1 50.0 66.3 25.5 60.0 0.093 0.030 20.80 5.18 57.0
SIM-1-2 60.0 79.6 30.6 60.0 0.098 0.035 10.03 2.45 61.4
SIM-1-3 70.0 92.9 35.7 60.0 0.103 0.040 5.41 1.30 65.0
SIM-1-4 80.0 106.1 40.8 60.0 0.108 0.045 3.17 0.75 68.0
SIM-1-5 90.0 119.4 45.9 60.0 0.112 0.051 1.98 0.47 70.5
SIM-2-1 70.0 123.0 47.3 30.0 0.114 0.052 1.76 0.41 65.2
SIM-2-2 70.0 105.8 40.7 45.0 0.107 0.045 3.21 0.76 65.1
SIM-2-3 70.0 82.7 31.8 75.0 0.099 0.036 8.59 2.09 64.9
SIM-2-4 70.0 74.6 28.7 90.0 0.096 0.033 13.00 3.20 64.9
Table 14.3: Parameters for the sensitivity analysis
The variation of the parameters is summarized in Table 14.3, five different
initial water contents and five different dry mass fractions are considered.
The simulated compression curves are shown in Fig. 14.8. Both the initial
(overall) water content and dry mass fraction of the constituents have a
significant influence on the overall compression behaviour. The initial water
content not only influences the yield stresses of the constituents but also
affects the slopes of the Normal Compression Lines of the constituents.
For a given initial (overall) water content, the dry mass fractions of the
constituents control the initial volume fractions. This change in volume
fractions, in turn, is related to the homogenization procedure through Eq.
(14.25).
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Figure 14.8: Simulated compression curves for the clay mixtures with dif-
ferent initial water contents and different dry mass fractions
Fig. 14.9 shows the evolution of the stress ratio of the clay mixtures with
different initial water contents and different dry mass fractions. It can be
seen that the initial (overall) water content has a significant influence on
the stress distribution, however the dry mass fraction plays only a minor
role.
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Figure 14.9: Evolution of the stress ratio with different initial water con-
tents and different dry mass fractions
It can be explained as follows: (1) From Eq. (14.31), the stress distribu-
tion is controlled by the compression parameters of the constituents λ1/λ2
and the volume fraction of Clay1 φ1. For a given dry mass fraction, λ1
and λ2 vary with the initial (overall) water content, while φ1 is approxi-
mately constant. Consequently, the stress ratio follows the change of λ1/λ2
and shows a considerable decrease with increasing initial (overall) water
content. (2) For a given initial water content, both the ratio of the com-
pression parameters λ1/λ2 and the volume fraction φ1 change with the dry
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mass fraction. The change of stress ratio is a combination effects of these
two factors (λ1/λ2 shows a negative influence, while the volume fraction is
positive). As a result, the stress ratio shows only a slight change.
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Figure 14.10: Evolution of the strain ratio with different initial water con-
tents and different dry mass fractions
Fig. 14.10 shows the evolution of the strain ratio of the clay mixtures with
different initial water contents and different dry mass fractions. The strain
ratio is defined as the ratio of the volume averaged strains between Clay1
and Clay2 (µ∗¯v = ¯v,1/¯v,2). Both the initial (overall) water content and
dry mass fraction affect the strain distribution significantly.
14.7 Summary and conclusions
The structure of a clay mixture is simplified as a composite configuration,
in which the elements of the constituents are randomly distributed in a
representative elementary volume. A homogenization method is presented
as a relationship between the overall tangent stiffness and those of the
constituents.
A simple compression model is then proposed based on the homogenization
method and assuming an initial water content distribution. Parameters
required by the model corresponds only to the constituents and are simple
to calibrate, which makes the model suitable for practical applications.
The predicted behaviour is consistent with the test results. However, some
limitations of the model can be made:
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(1) It is assumed that the clay lumps are small enough and the constituents
are throughly mixed together. If the strength of original soils is relatively
high, the assumption may be questionable.
(2) This paper treats soils with only non-swelling clay minerals, in which
water is adsorbed onto the external surfaces, whereas water adsorbs onto
both the internal and external surfaces in case of swelling clay minerals. In
this case, the basic physical properties of the constituents may be signif-
icantly changed after being mixed, e.g. due to the exchange of adsorbed
cations (Mitchell, 1993). A detailed microscopic treatment of such micro-
scopic effects is beyond the scope of this paper.
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The deformation and collapse behaviour of multi-porosity soils are crucial
for the design of deposition of landfills in open-pit mining. Experimen-
tal, numerical and numerical approaches were used to investigate these
problems. The thesis was divided into three parts which dealt with three
different soils as landfills : (1) Lumpy soils with a granular structure (fresh
landfills), (2) Lumpy soils with a composite structure (old landfills) and (3)
Clay mixtures.
15.1 Lumpy granular soils
A lumpy granular soil is a typical double porosity soil with an inter-lump
voids system created by clay lumps and an intra-lump voids system created
by soil particles or aggregates. The evolution of the inter-lump porosity has
a significant influence on its strength and permeability. An artificial lumpy
granular soil was first investigated, followed by a laboratory investigation
of a natural lumpy soil. The structure transition of the fresh lumpy soil
was analyzed with increasing stress level, which resembles the deposition
process of the landfills in the field. From the analysis of the laboratory
data, the following conclusions are drawn:
1.1 The overall specific volume changes linearly with vertical stress in a dou-
ble logarithmic plot beyond 20 kPa. In this stress range, the deformation
can be divided into two parts: (1) deformation of the slurry in the inter-
lump voids with a high compressibility. (2) deformation of the stiff lumps
having a low compressibility. The combination of these mechanisms yield a
compression line almost parallel with the Normal Compression Line. The
compression curves of the lumpy material are expected to converge to those
of the reconstituted sample at much higher consolidation stress. However,
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such high stresses are not relevant for the field applications.
1.2 There is a linear relationship between the overall specific volume v and
the hydraulic conductivity k in double logarithmic plot within the tested
stress range, which is similar to that of a reconstituted soil. The logarithmic
value of k depends approximately linearly on that of ln p′ up to 100 kPa.
For higher consolidation stresses, the dependence becomes nonlinear, which
may be linked to a gradual closure of the inter-lump voids, permitting easy
water drainage during consolidation.
1.3 The shear strength of the slightly compacted artificial lumpy speci-
mens lies approximately on the Critical State Line of the reconstituted soil.
The strength of the lumpy specimens is mainly controlled by its structure
transition into a reconstituted material during shearing process. Hvorslev
equivalent pressure can help in the interpretation of the shear strength
properties. The normalized strength data of both the lumpy material and
the reconstituted soil lie on unique lines. Hvorslev strength parameters of
the lumpy material are lower than those of the reconstituted soil.
1.4 The stress-strain curves of the reconstituted clay and the lumpy soil
are similar, while there is a significant difference for the volumetric strain
curves. The lumpy material shows a volume increase during shearing even
if consolidated under a relatively high stress level (400 kPa). This effect
may be related to the dilation of the highly overconsolidated lumps under
stress concentration.
1.5 Similarly to the artificial lumpy soil, inter-lump voids of the natural
lumpy soil are mainly closed within a relatively small stress level (compared
with the yield stress of the intact samples), which is induced by the rear-
rangement of the lumps. With increasing stress level, the lumpy soil shows
a higher compressibility than the reconstituted soil and the compressibility
decreases until the vertical stress reaches 100 kPa. Still, the deformation
is controlled by the rearrangement of the lumps which may arise from the
distortion of the lumps. Afterwards, the slope of the compression curve
remains approximately constant in ln v - ln p plot.
1.6 The limit stress state of the natural lumpy soil is located above the
Critical State Line of the reconstituted soil. Since the limit stress state
of the artificial lumpy soil is consistent with the Critical State Line of
the reconstituted soil, the diagenetic soil structure in the lumps may be
responsible for the deviation between the limit stress state of the natural
lumpy soil and the Critical State Line of the reconstituted soil.
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1.7 After being normalized by the Hvorslev equivalent pressure, the fitting
line of the limit stress points of the natural lumpy soil crosses critical state
point of the reconstituted soil. The difference between the limit stress states
of the lumpy soil and the reconstituted soil diminishes with increase of the
consolidation stress.
1.8 The compression data of a fresh lumpy soil lies initially above the Intrin-
sic line due to the closure of the inter-lump voids within a low stress range.
Afterwards, its compressibility decreases with the consolidation stress and
the soil behaves similarly to an overconsolidated soil. Finally, the loading
reaches the preconsolidation stress of the lumps, and the whole soil volume
becomes normally consolidated. A dry lumpy soil in flooded condition be-
haves similarly, however, all the test data lie above (on) the Intrinsic line
beyond the yield stress. A natural soil with meta-stable structure behaves
just the opposite. All the data lie below (on) the Intrinsic line.
1.9 The structure transition of the lumpy granular material can be divided
into three possible stages related to the stress level.
(1) In the first stage, the clayfill is a three-phase material: the inter-lump
voids filled with water, small lumps and reconstituted soil. The hydraulic
conductivity is mainly controlled by the inter-lump porosity due to the
existence of macro drainage paths, while the shear strength is controlled
by the reconstituted soil around the lumps.
(2) In the second stage, the clayfill consists of lumps and reconstituted
soil, the latter existing in the inter-lump voids. The clayfill appears to
be uniform visually, but its stucture is still highly heterogeneous and the
hydraulic conductivity is higher than that of the reconstituted soil with
the same overall specific volume. Due to the difference of specific volume
between the reconstituted soil within the inter-lump voids and the stiff
lumps, the dissipation of water pressure within the constituents is different,
and the gradient of the excess pore water pressure between the lumps and
the reconstituted soil accelerates the consolidation of the lumps.
(3) When the consolidation pressure is higher than the preconsolidation
pressure of the lumps, the soil becomes homogeneous, both in macro and
micro scales. Hence, the shear strength and hydraulic conductivity are
similar to that of the reconstituted soil.
1.10 The clayfills formed by the displaced lumps in an open-pit mining
can reach a height of several tens of meters. They can be divided into
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two zones according to their structure. (1) Surface zone: the clayfills have
a relatively loose structure in this zone, therefore they are significantly
affected by the weathering factors. (2) Core zone: with increasing depth,
the inter-lump voids may decrease due to the rearrangement of the lumps
and a new compacted structure without macrovoids is created.
1.11 In the surface zone of the landfills, the clayfills have a relatively loose
structure. Thus, the structure is not stable due to the weather influenced
suction cycles. The lumps in this zone get dry in the arid season due to
the access of air. After been flooded, they may partially disintegrate into a
reconstituted soil in a short time. As a result, the shear strength is relatively
low, being comparable to the undrained shear strength of a reconstituted
soil. Such a low strength can not keep the permanent stability of the clayfills
and landslides may take place.
15.2 Lumpy composite soils
A lumpy composite soil seems homogeneous on a macro scale, since the
inter-lump voids are filled with the reconstituted soil. However, it has also
a double porosity structure: the porosity of the inter-lump material is sig-
nificantly higher than that of the overconsolidated lumps. The behaviour
was investigated, both experimentally and theoretically. The study started
from the laboratory investigation of two basic configurations (series and
parallel structures). The stress distribution in the lumpy composite soil
was discussed and a homogenization law was proposed based on the anal-
ysis of the lumpy structure together with a FEM analysis. Afterwards,
a compression model was proposed and was generalized for triaxial stress
paths. A consolidation model was also proposed based on the compression
model. The conclusions are as follows:
2.1 The specimens with the series structure have the same failure mode
like the constituent with the lower strength; the specimens with the par-
allel structure have a failure plane which crosses both constituents. As
a result, the shear strength of the series specimens is only slightly higher
than that of the constituent with the lower strength and the strength of
the parallel specimens lies between those of the constituents. Furthermore,
the maximum volumetric strain of the series specimens is lower than that
of its constitutes, which is significantly different from that of the parallel
specimens.
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2.2 The stress concentration ratio of the parallel specimens, defined as the
ratio of stress in the stiffer constituent to that of the weak one, increases
with the consolidation stress, which may be influenced by the penetration
between the constituents. The strain concentration ratio of the series spec-
imens, defined as the ratio of strain in the stiffer constituent to that of the
weak one, is not sensitive to the consolidation stress.
2.3 For a homogeneous soil, the stress paths of a soil element follow from the
boundary (stress) conditions. However, the lumpy material is a different
case. E.g. an isotropic stress condition at the boundary can also produce
local shear stress in the vicinity of the interfaces between the lumps and the
reconstituted soil. The mechanism of the local shear stress concentration
is demonstrated by a simple 2D (plane strain) model of a lump floating in
a reconstituted soil.
2.4 When the lumps reach the peak strength, the stress of the reconstituted
soil is approximately close to the critical state. Therefore, the lumps may
soften accompanied by dilation. When the volume fraction of the lumps
is higher than a certain threshold value, the overall behaviour in triaxial
shear also shows strain softening and dilation.
2.5 The stress ratio is significantly affected by both the volume fraction
and the preconsolidation pressure of the lumps under an isotropic compres-
sion path. Additionally, the ratio of the constituents’ stresses decreases as
the effective mean stress increases. However, for conventional triaxial com-
pression loading, the deviatoric stress ratio initially increases and decreases
afterwards, indicating a correlation with the strain softening behaviour of
the lumps. The stress ratios are significantly influenced by the preconsoli-
dation pressure of the lumps, while the volume fraction of the lumps plays
only a minor role.
2.6 Two types of loads were discussed based on the series and parallel mod-
els, respectively. For a lumpy soil, the lumps are randomly distributed in
the reconstituted constituent. In a simplified manner, the structure is com-
posed by both parallel and series configurations at different orientations.
A homogenization law for general stress paths was proposed based on the
results of FE simulations and analysis of the lumpy composite structure.
Both the homogenization law for isotropic compression and conventional
triaxial loading were formulated based on the secant stiffnesses.
2.7 The compression behavior of the lumpy composite soils was analyzed
within the homogenization framework. First, the volume of the composite
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soil was divided into four individual components. The inter-lump porosity
was introduced to account for the evolution of the volume fractions of the
constituents, and it was formulated as a function of the overall porosity
and those of its constituents. A homogenization law was then proposed
based on the analysis of the lumpy structure together with a numerical
method, which gives a relationship for tangent stiffnesses of the lumpy soil
and its constituents. Finally, a simple compression model was proposed
for the composite lumpy material, which incorporates both the influence of
the soil structure and the volume fraction change of the reconstituted soil.
The predictions of the model were validated against the test results, and
the stress distribution within the lumpy composite was assessed.
2.8 A general framework was proposed based on the double porosity con-
cept and the homogenization theory. It is a further extension of the com-
pression model. A representative volume of lumpy-composite soils was
divided into four parts and the corresponding differential equations were
formulated based on the balance of mass. As a crucial parameter for the
lumpy-composite structure, the inter-lump porosity was formulated as a
function of the overall porosity and those of its constituents. The hydraulic
conductivities of the inter-lump material (lumps) and intra-lump material
(reconstituted soil) were approximated by the same set of parameters. For
the lumpy soil, a new relationship between the strains and the absolute
velocities of the solid skeleton was proposed, which eliminates the influence
of the rigid displacement of the lumps.
2.9 The failure points of the tested overconsolidated soil confirme a non-
linear relationship in p′- q plane on the dry side of the critical state. The
degree of nonlinearity increases after being normalized by the Hvorslev
equivalent pressure, which can be well modeled by a nonlinear power law
criterion proposed by Atkinson (2007). Based on the test data and the
critical state concept, a new failure line was proposed with help of the
equivalent Hvorslev pressure. In order to reflect the location of the Critical
State Line flexibly, the generalized Cam clay model proposed by McDowell
and Hau (2003) was adopted for the yield surface on the wet side of the
critical state. The revised Hvorslev surface has a simple form with a linear
function between p′ and q in a double logarithmic plot.
2.10 A general model was proposed for the natural lumpy composite soil.
The structure effect was incorporated into the nonlinear Hvorslev surface
within sensitivity framework. The behaviour of the reconstituted soil (ma-
trix) was modeled by the revised Modified Cam Clay model (McDowell
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and Hau, 2003). A secant stiffness, defined as the ratio between the de-
viatoric stress and deviatoric strain, was used in the homogenization law.
Finally, a simple model for the natural lumpy soil was proposed within the
homogenization framework.
15.3 Clay mixtures
Clay mixture is a byproduct in the open pit mining during the excavation
of various soil layers. The calculations of stability (strength) and settle-
ment (compression) of such a landfill are difficult engineering problems
due to the complex composition of the deposited soils. Two clays with
significant different plasticities were used to produce the soil mixtures ar-
tificially in the lab. The physical properties, compression behaviour and
remolded undrained shear strength of the resulting materials were investi-
gated. Based on the analysis of the test results, a simple model was pro-
posed for the prediction of the undrained shear strength and water content
distribution of remolded clay mixtures. Then, a compression model was
proposed based on the homogenization framework. Some main conclusions
are as follows:
3.1 The actual measured values of the liquid limit of the soil mixtures are
close to the theoretical line (each material contributes in proportion to its
amount), while there is a non-negligible difference for the plasticity index.
The liquid limits measured with the Casagrande method are slightly higher
than those from the fall cone tests.
3.2 The measured compression lines of the clay mixtures coincide very well
with the Intrinsic Compression Line beyond the remolded yield stress. The
parameters of intrinsic compressibility increase with the initial void ratio e0.
The remolded shear strength of the clay mixtures can be well normalized
by liquid limit or consistency index. The values at liquid limit vary from
1.3 kPa to 1.7 kPa.
3.3 This model for the strength of the clay mixture originated from sim-
plifying the structure of a clay mixture, in which the elements of the con-
stituents are randomly distributed in a representative elementary volume.
By defining a water content ratio (the ratio of water contents between the
constituents), the undrained shear strength of each constituent was esti-
mated separately and then combined together with corresponding volume
fractions.
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3.4 A homogenization law was proposed afterwards based on the analysis of
the randomly arranged structure. It gives a relationship between the overall
tangent stiffness and those of the constituents. A simple compression model
was proposed based on the homogenization method and determination of
the initial water content distribution.
15.4 Outlook and recommendations
This study mainly focused on the laboratory investigation and its descrip-
tion. The models and numerical simulations were proposed and evaluated
using the laboratory data, however they were simplified based on some
assumptions. One may give more reasonable analysis without these as-
sumptions. Therefore, the following recommendations can be made for the
future investigation of the multi porosity soils and for further development
of the model and numerical analysis.
The structure transition of lumpy materials was investigated using an In-
trinsic line concept after Hong et al., (2012). This analysis was only based
on the analysis of the compressibility from oedometer tests. However, the
advanced nondestructive method of neutron tomography are suggested to
be used to evaluate the structural evolution of the lumpy soil with increas-
ing stress levels during one-dimensional compression tests.
In the Finite Element Analysis, only the artificial lumpy composite soil was
investigated. In this case, the inherent diagenetic structure of the lumps
was omitted. A further analysis can be done based on the model (for clays
with meta-stable structure) proposed by Masˇ´ın (2007). In case of a rapid
loading, shearing may cause excess pore pressures in the matrix and lumps.
Hence, some pore water exchange may occur between the lumps inter-lump
material, which leads to a decay of lumps. Therefore, rate-dependent effect
can be included for more accurate results.
In the generalized model for the lumpy composite soil (Chapter 11), it
was supposed that the inclinations of the stress paths of the constituents
were identical to the overall one. Therefore, for a given overall stress path,
the homogenization law was characterized by only one stiffness, defined as
the ratio between the deviatoric stress and deviatoric strain. For further
improvements of the model, an additional stiffness, defined as the ratio be-
tween the effective mean stress and volumetric strain, can be incorporated.
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The landfills can be divided into two zones during deposition under self-
weight: the surface zone with a relatively loose structure and the core zone
with a compacted structure. The lumpy soil in the surface zone is un-
saturated and the inter-lump spaces are filled with air. The cone zone is
saturated due to the self-weight consolidation of the lumps. Its consolida-
tion process would certainly be of great interest. This process resembles
the one-dimensional consolidation of a clay layer which increases in thick-
ness with time (Gibson, 1958). The material in the core zone is a double
porosity soil and the inter-lump porosity is relatively low, nevertheless, it
provides a drainage path for the excess pore water dissipation. Modeling
this deposition process will be my further work.
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Symbol Unit Physical means
A [cm2] Cross area of the tested sample
C [–] Parameter controlling of the Hydraulic
conductivity of the lumps and reconstituted soil
Cc [–] The void ratio difference between 100 kPa and
1000 kPa of the structure soils
C∗c [–] Intrinsic compression index
Ci (i=A,B) [kPa
−1] Secant compliances of ClayA and ClayB in an
inhomogeneous specimen, respectively
Deijmn [–] Elastic constitutive matrix
Depijmn [–] Elastoplastic constitutive matrix
E [–] Overall secant stiffness of an inhomogeneous soil
element
Ei (i=A,B) [kPa] Secant stiffnesses of ClayA and ClayB in an
inhomogeneous element, respectively
Ep [kPa] Overall stiffness of the inhomogeneous soils with
the parallel configuration
Es [kPa] Overall stiffness of the inhomogeneous soils with
the series configuration
Gi (i=r,l) [kPa] Shear stiffnesses of the reconstituted and lumps
in a lumpy composite soil, respectively
Iv [–] Void index
Ic [–] Consistency index
IP [%] Plasticity index
K0 [–] Coefficient of earth pressure at rest
K [kPa] Overall stiffnesses of a lumpy composite soil
Ki (i=r,l) [kPa] Normal stiffnesses of the reconstituted and lumps
in a lumpy composite soil, respectively
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Kp(Gp) [kPa] Normal (shear) stiffnesses of the parallel
configuration
Ks(Gs) [kPa] Normal (shear) stiffnesses of the series
configuration
M [–] Slope of the Critical State Line in p′ - q plot
M∗e [–] Slope of the Critical State Line after being
normalized by Hvorslev equivalent pressure
N∗ [–] A intrinsic compression parameter corresponding
to the specific volume at 1 kPa in ln v - ln p′ plot
S [–] Degree of saturation of a fresh lumpy soil
T90 [s] The time duration corresponding to 90% of
consolidation
Ve [cm
3] Volume of inter-lump voids of Representative
Volume Element (lumpy granular soil)
Vi (i=A,B) [cm
3 Volumes of ClayA and ClayB in an
inhomogeneous soil element, respectively
Vi,l [cm
3] Volume of fluid in the lumps of Representative
Volume Element (lumpy soil)
Vi,r [cm
3] Volume of fluid in the inter-lump material of
Representative Volume Element (lumpy soil)
Vr [cm
3] Volume of the inter-lump material of
Representative Volume Element (lumpy soil)
Vl [cm
3] Volume of the lumps of Representative Volume
Element (lumpy soil)
Vs,l [cm
3] Volume of solid in the lumps of Representative
Volume Element (lumpy soil)
Vs,r [cm
3] Volume of solid in the inter-lump material of
Representative Volume Element (lumpy soil)
cu [kPa] Undrained shear strength
cu,i [kPa] Undrained shear strength of the i-th constituent
of a clay mixture
cu,m [kPa] Undrained shear strength of a clay mixture
cv [m
2/s] Coefficient of consolidation
d [cm] Representative size of the lumps in a
lumpy specimen
e [–] Void ratio in a soil element
e0 [–] Initial void ratio
e1 [–] The void ratio extrapolated to the effective
vertical stress of 1 kPa in ln v - lnσ′v plot
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e100 [–] The void ratio corresponding to the effective
vertical stress of 100 kPa in ln v - lnσ′v plot
e1000 [–] The void ratio corresponding to the effective
vertical stress of 1000 kPa in ln v - lnσ′v plot
e∗100 [–] The intrinsic void ratio corresponding to the
effective vertical stress of 100 kPa of
the compression data
e∗1000 [–] The intrinsic void ratio corresponding to the
effective vertical stress of 1000 kPa of
the compression data
eL [–] Void ratio corresponding to the Liquid limit
fi(i = w,d) [–] Yield surface on the wet and dry sides,
respectively
fl,i (i=f,s) [–] Volume fractions of fluid (solid) in the lumps
over the total RVE of a lumpy composite soil
fm [–] Ratio between the dry weight of ClayA and
the one of the whole inhomogeneous specimen
fr,i (i=f,s) [–] Volume fractions of fluid (solid) in the
inter-lump material over the total RVE of
lumpy composite soil
fv,i (i=A,B) [–] Volume fractions of ClayA and ClayB in an
inhomogeneous specimen, respectively
h0 [cm] Initial height of the tested lumpy specimen
δh [mm] Penetration depth measured after 10 s of
penetration (fall cone test)
k [–] Parameter controlling the shape of the yield
surface
k [m/s] Hydraulic conductivity
ki (i=r,l) [m/s] Hydraulic conductivities of the lumps and
reconstituted soil in a lumpy composite soil,
respectively
kα [–] Strength coefficient related to the cone angle
α and soil properties
mw,i (i=A,B) [g] Masses of water in ClayA and ClayB,
respectively
ms,i (i=A,B) [g] Dry Masses of soils in ClayA and ClayB,
respectively
ne [–] Inter-lump porosity of lumpy soil
ni [–] Intra-lump porosity of lumpy soil
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nl [–] Volume fraction of the lumps in a lumpy
composite soil
nr [–] Volume fraction of the reconstituted soil in a
lumpy composite soil
nt [–] Overall porosity of lumpy soil
p′ [kPa] Effective mean stress in a soil element
p¯′c [kPa] Preconsolidation pressure of the lumps in
a lumpy soil
p0 [kPa] The reference stress: 1 kPa
p¯∗e [kPa] Hvorslev equivalent pressure
p¯′i (i=A,B) [kPa] Effective mean stress of ClayA and ClayB
in an inhomogeneous soil element, respectively
p¯ [kPa] Volume average effective mean stress over the
total representative volume
(lumpy composite soil)
p¯i (i=r,l) [kPa] Volume average effective mean stress of the
constituents over corresponding volumes
(lumpy composite soil)
p¯′v [kPa] Effective Mean stress at the vertex of
the yield surface of a natural soil
p′t [kPa] The threshold for the closure of the
inter-lump voids
q [kPa] Deviatoric stress in a soil element
qA,1 [kPa] Modified shear strength of an inhomogeneous
soil element considering only the
shear localization
qA,2 [kPa] Modified shear strength considering the
shear localization and the
nonuniform deformation
qi(i = A,B) [kPa] Deviatoric stress of ClayA and ClayB in an
inhomogeneous soil element, respectively
q¯ [kPa] Volume average deviatoric stress over the
total representative volume
(lumpy composite soil)
q¯i (i=r,l) [kPa] Volume average deviatoric stress of the
constituents over corresponding volumes
(lumpy composite soil)
r [–] Relative importance between bulk modulus
and shear modulus
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s [–] The ratio of the cell pressure increment
∆σ3 to the
axial stress increment ∆σ1
s¯ij [–] Deviatoric stress tensor
ui (i=r,l) [kPa] Excess pore water pressure in the
reconstituted soil and in the lumps,
respectively
ux [m] Overall vertical displacement of a lumpy soil
v [–] Specific volume in a soil element
ve [–] Inter-lump specific volume of a lumpy soil
vf [–] The specific volume at the failure point of
a soil element
vi [–] Intra-lump specific volume of a lumpy soil
vi,n (i=r,l) [m/s] prescribed seepage velocities of the
lumps and reconstituted soil
on the boundary, respectively
vl [–] Specific volume of the lumps in a
lumpy composite soil
vli (i=f,s) [m/s] Absolute velocity of fluid (solid) in the
lumps (lumpy composite soil)
vlr [m/s] Relative fluid velocity in the intra-lump
spaces(lumpy composite soil)
vr [–] Specific volume of the reconstituted soil
in a lumpy composite soil
vri (i=f,s) [m/s] Absolute velocity of fluid (solid) in the
reconstituted soil (lumpy composite soil)
vrr [m/s] Relative fluid velocity in the inter-lump
vt [–] spaces (lumpy composite soil)
vy,i [–] Specific volume at the preconsolidation
pressure of the lumps in a lumpy soil
δv [cm3] Volume difference due to membrane
penetration
w∗i [%] Natural water content of the i-th soil
layer in open-pit mining
wi [%] Water content of the soil of the i-th
soil layer in a clay mixture
wL [%] Liquid limit
wm [%] Water content of a clay mixture
wP [%] Plastic limit
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Symbol Unit Physical means
{B} [–] Differentiation of the shape function for the
displacement field
{E} [–] Differentiation of the shape function for the
pore water pressure field
{Nu} [–] Shape function for the displacement field
(FEM analysis)
{Np} [–] Shape function for the pore water pressure
field (FEM analysis)
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Symbol Unit Physical means
β [–] Parameter controlling the nonlinearity
of the structured Hvorslev surface
β0 [–] Initial value of β for
a natural soil
β∗ [–] Parameter controlling the nonlinearity
of the intrinsic Hvorslev surface
βf [–] A parameter controlling the rate of
fluid exchange between inter-lump
and intra-lump phases
βs [–] A parameter controlling the rate of
particle exchange between inter-lump
and intra-lump phases
γ [–] Structure parameter of the compression
model considering the distribution
of the lumps
γw [N/m
3] Unit weight of water
Γf [–] Rate of exchange of fluid between the
inter-lump material and
the intra-lump material
Γ [–] Parameter corresponding to the specific
volume at 1 kPa of the Critical State Line
δij [–] The Kronecker’s symbol
a [%] Axial strain in a soil element
a,i (i=A,B) [%] Axial strain of ClayA and ClayB
in an inhomogeneous soil element,
respectively
d¯pd [%] Damage strain increment of a natural
soil
s [%] Deviatoric strain in a soil element
v [%] Volumetric strain in a soil element
v,max [%] Maximum Volumetric strain in a soil
element
¯s [%] Volume average deviatoric strain over the
total RVE (lumpy composite soil)
¯s,i (i=r,l) [%] Volume average deviatoric strain of
the constituents over corresponding
volumes (lumpy composite soil)
¯es,i (i=r,l) [%] Elastic Volume average deviatoric strain
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of the constituents over corresponding
volumes (lumpy composite soil)
¯ev,i (i=r,l) [%] Elastic Volume average volumetric strain
of the constituents over corresponding
volumes (lumpy composite soil)
¯ps,i (i=r,l) [%] Plastic Volume average deviatoric strain
of the constituents over corresponding
volumes (lumpy composite soil)
¯pv,i (i=r,l) [%] Plastic Volume average volumetric strain of
the constituents over corresponding volumes
¯v [%] Volume average volumetric strain over the
total RVE (lumpy composite soil)
¯v,i (i=r,l) [%] Volume average volumetric strain of the
constituents over corresponding volumes
(lumpy composite soil)
¯ [–] Volume average overall strain tensor over
the total representative volume
(lumpy composite soil)
ζ [–] Local variable (FEM analysis)
η [–] Stress ratio between the deviatoric stress
and the effective mean stress
λ∗ [–] Slope of Normal Compression Line of a
reconstituted soil in ln v - ln p′ plot
λ1 [–] Slope of Normal Compression Line of the
reconstituted soil in ln v - ln p′ plot
(lumpy composite soil)
λ2 [–] Slope of Normal Compression Line of the lumps
in ln v - ln p′ plot (lumpy composite soil)
λ¯ [–] Overall compression coefficient of a lumpy
composite soil
λi [–] Slope of Normal Compression Line of the i-th
constituent of a clay mixture in ln v - ln p′ plot
µσ,i (i=A,B) [–] Stress concentration ratios between the
stress of a constituent and the overall
value in an inhomogeneous soil element
µp,i (i=r,l) [–] Stress concentration ratios between the stress
of a constituent and the overall value
(lumpy composite soil)
µσ,i [–] Stress concentration ratios between the stress
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of the i-th constituent to the overall value
(clay mixture)
µ∗σ,B [–] Stress concentration ratio defined as the
ratio between those of the constituents
in an inhomogeneous soil element
µ,i (i=A,B) [–] Strain concentration ratios between the
strain of a constituent and the overall
value in an inhomogeneous soil element
µ,i (i=r,l) [–] Strain concentration ratios between the
stress of a constituent and the overall
value (lumpy composite soil)
µ,i [–] Strain concentration ratios between the
stress of the i-th constituent to the
overall value (clay mixture)
µ∗,B [–] Stress concentration ratio defined as the
ratio between those of the constituents
in an inhomogeneous soil element
Θs [–] Rate of exchange of soil particles
between the inter-lump material and
the intra-lump material
κ [–] Slope of Swelling Line in ln v - ln p′ plot
µi¯s (i=r,l) [–] Deviatoric strain ratios of lumps and
reconstituted soil in a lumpy composite
soil, respectively
ν∗ [–] Poisson’s ratio.
ξ [–] Parameter controlling of the Hydraulic
conductivity of the lumps and
reconstituted soil
ρl [g/cm
3] Density of the lumps in lumpy soil
ρs [g/cm
3] Density of soil particles in lumpy soil
or clay mixture
ρs,i (i=A,B) [g/cm
3] Density of soil particles of ClayA and
ClayB, respectively
ρt [g/cm
3] Overall density of lumpy soil
ρw [g/cm
3] Density of water: 1 g/cm3
σ¯′ [kPa] Volume average vertical stress over
the total representative volume of
a clay mixture
σ¯′i [kPa] Volume average vertical stress in the
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i-th constituents of a clay mixture
σ′s [kPa] Overall remolded yield stress of
a clay mixture
σ′s,i [kPa] Remolded yield stress of the i-th
constituent of a clay mixture
σn [kPa] Normal stress acting on an element boundary
σ¯ij [kPa] Volume average overall stress tensor over
the total volume (lumpy composite soil)
σ¯y,i [kPa] Equivalent vertical stress of the lumps in
a lumpy soil
φi [%] Volume fraction of the i-the constituent
in a clay mixture
φc [
◦] Friction angle corresponding to
critical state
φm [
◦] Maximum mobilized friction angle
φ∗e [◦] Hvorslev friction angle
χ∗e [–] A strength parameter corresponding to
p′= 0 kPa in pp′e∗ -
q
p′e∗
plot
χl,i(x,t) (i=f,s) [–] Indicator functions of fluid (solid) in the
lumps over the total representative volume
of a lumpy composite soil
χr,i(x,t) (i=f,s) [–] Indicator functions of fluid (solid) in the
inter-lump material over total representative
volume of a lumpy composite soil
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A Geometrical interpretation
of shear strength between
ClayA and the series specimens
Two factors can contribute to the difference:
A.1 Considering the influence of the shear plane
Formation of the shear plane, which is restricted to the ClayA section of the
series specimen. As shown in Fig. 6.19, the shear plane tends to proceed
to the section of ClayB, which is stiffer and stronger, so the shear zone is
forced to change its direction. It can be assumed that the concentration
of the deformation produces large shear strains in the ClayA section (red
dashed curve in Fig. A.1). However, since the overall strain is calculated
for the entire specimen height, the response seems to be stiffer and the
maximum shear stress is reached at lower (overall) axial strains.
The stress-strain curve of normally consolidated clays can be approximated
by a hyperbola as proposed by Kondner (1963),
qA,1 = a,A/(a+ ba,A) (A.1)
where qA,1 is the modified deviatoric stress corresponding to the ClayA
section, a and b are model parameters which can be estimated from the
data of a homogeneous ClayA specimen (see Table 6.4) and a,A denotes
the axial strain within ClayA in the series specimen, which can not be
retrieved directly from the test data. However, a,A is related to the overall
axial strain of the series specimen through
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Figure A.1: Schematic model for the stress-strain behaviour of the series
specimens
a,A = µ,Aa,S (A.2)
where µ,A is the ratio between the local axial strain within ClayA (a,A)
and the overall axial strain of a series specimen (a,S). µ,A can be calcu-
lated from the test measurements (see Section 6). The revised maximum
deviatoric stress in ClayA calculated from Eqs (A.1) and (A.2) is shown in
Fig. 6.20 in dependence on the effective mean stress.
Figure A.2: Schematic figure for the nonuniform change of the diameter of
the series specimens
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A.2 Considering the influence of nonuniform
deformation
The stress-strain curve is calculated with an assumption that the overall
deformation of the specimen is homogeneous. However, the compressibility
of the ClayA is higher than that of the ClayB. As can be seen in Fig. A.2,
when consolidated in the triaxial cell, the cross-section area of ClayA in the
series specimen is smaller than that of ClayB. The consolidation strains of
the specimen are supposed to be isotropic. Then
a,1,i = r,1,i = v,1,i/3(i = A,B) (A.3)
a,1,i = ln
h0,i
h1,i
; v,1,i = ln
v0,i
v1,i
(i = A,B) (A.4)
where h and d are the height and diameter of the constituents, respectively,
a and r are axial and radial strains of the constituents, respectively, v
is the volumetric strain of the constituents, v is the specific volume of the
constituents. The subscripts ’0’ and ’1’ in the Equations denote ’before
consolidation’ and ’after consolidation’, respectively, the subscripts ’A’ and
’B’ denote the constituents (ClayA and ClayB). From Eqs (A.3) and (A.4),
the height and diameter of the constituents can be expressed as functions
of their initial values and the specific volumes:
h1,i = h0,i
(
v1,i
v0,i
)1/3
; d1,i = d0,i
(
v1,i
v0,i
)1/3
(i = A,B) (A.5)
However, during triaxial compression, the cross-section area of ClayA will
increase and even surpass the cross-section area of ClayB. Therefore, this
interpretation suggests a higher value of the shear strength for ClayA in
critical state, which can be estimated from the following equations:
hc,i = h1,i exp(−a,c,i); dc,i = d1,i exp(−r,c,i)(i = A,B) (A.6)
The subscript ’c’ denotes ’critical state’. The volumetric strain is constant
in critical state, thus
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r,c,i = (v,c,i − a,c,i)/2(i = A,B) (A.7)
Combing Eqs (A.5) - (A.7), the height and diameter of the constituents can
be expressed as
hc,i = h0,i
(
v1,i
v0,i
)1/3
exp(−a,c,i)(i = A,B) (A.8)
dc,i = d0,i
(
v1,i
v0,i
)1/3
exp((v,c,i − a,c,i)/2)(i = A,B) (A.9)
The homogenized diameter of the series specimen at critical state is ex-
pressed by
dc,S =
√
hc,A(dc,A)2 + hc,B(dc,B)2
hc,A + hc,B
(A.10)
Finally, the corrected deviatoric stress qA,2 can be estimated from
qA,2 = qA,1
(dc,A)
2
(dc,S)2
(A.11)
Thus, Eq. (A.11) takes into account a combination of the shear localization
in a limited specimen zone (ClayA) and the nonuniform deformation.
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B Compression curves of the
soil mixtures at different
initial water contents
1.4
1.6
1.8
2.0
2.2
1 10 100 1000 10000
Sp
ec
ific
 v
ol
um
e
Effective vertical stress / kPa
w0=37.39%
w0=43.02%
w0=48.23%
w0=53.45%
(a) ClayA(0%)+ClayB(100%)
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